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Optical storage technology has been very successful due to its portability and 
affordability in providing consumers for information storage and home-video 
entertainment applications. The success of optical storage technology is mainly 
because its media has high reflectivity optical contrast, good data retainability, 
fast crystallization speed, and low melting point. One of the primary challenges is 
how to meet huge demand for larger storage capacity to accommodate larger 
volume of information to be stored. The current optical recording technology 
which is Blu-ray disc (BD), has a recording capacity up to 25GB in single 
recording layer, but this technology is reaching its diffraction limit. Thus, this 
drives many engineers to achieve ultra-high storage density not only by getting 
smaller written bit size through improving engineering design in media and optics, 
but also by pursuing new optical recording methodology.  
 
One of the possible methods to achieve ultra-high density is to use multi-
dimensional multi-level (MDML) optical recording. The idea is to use different 
parameters of light simultaneously for a written data mark. Therefore, in our work, 
we propose the feasibility of using both reflectivity and polarization angle in light 
parameters on new optical media design to investigate the concept of multi-
dimensional multi-levels (MDML) optical recording method. Recording samples 
fabricated for this work contains phase change material and magneto-optical 
material which correspond to reflectance modulated and polarization changed 
respectively. The readout for both recording materials can be easily recognized by 
using the same light beam. The reflectivity from the media has high optical 
 vi 
 
contrast which can be further segregated to obtain multi-levels through partial 
crystallization on phase change recording material. To test and characterize both 
reflectivity and polarization on the fabricated MDML samples, a MDML static 
tester which contains a Wollaston Prism and two photo-detectors was developed. 
Performance of different recording materials in MDML samples was studied using 
this static tester. In addition, the influence of film layer thickness and sputtering 
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Over the years, the demand for higher resolution in video quality is growing 
rapidly in entertainment industries such as console gaming, digital TV programs 
and movie entertainment. For high definition motion movie pictures with higher 
resolution and higher clarity of surrounding sound particularly in gaming and 
movie, a large volume of data storage for video and sound contents is essential. 
Present capacities of the optical formats that are available in the market are 
definitely insufficient to meet the future demand of the optical data storage. Thus, 
there is a need to increase the recording capacity in this constraint storage space in 
optical disc. In order to meet such future demands, these have triggered new 
research areas to develop better technologies for not only higher density digital 
data storage of more than 1TB/inch2, but also greater data storage reliability and 
higher efficiency in data processing. 
 
1.1 Optical Disc Technology 
Optical disc technology has played a key role in the data storage industry for more 
than three decades. The robust nature and stability of the media have established it 
as a popular storage media for both consumer and professional applications. The 
optical storage media is portable and has high life expectancy. Most importantly is 
that the optical media has a low cost per bit storage. Optical recording is based on 
the formation of micron-sized amorphous marks, which represent data bit, in a 
crystalline film by a focused laser beam. To erase a recorded mark, it can be made 
easily through recrystallization with the same laser beam of a higher power. When 





this technology is high and it is growing at an unprecedented rate. Moreover, the 
storage density in optical recording technology has rapidly evolved in the market 
over the last 25 years which is shown in Fig. 1-1.  
 
 
http://www.bayer.com/ (Dec 2005) 
Figure 1-1: The trend of optical recording technology in the market  
and near future technologies. 
 
1.1.1 Compact Disc Formats 
Optical disk formats are described by the storage capability, mark size formed, 
and optical system requirements. The optical disks technology started in the 80’s 
as the compact disc (CD) technology. At that time, it has a storage capacity of 
700MB. It operates at 780nm wavelength with a focusing lens having numerical 
aperture (NA) of 0.5. The most familiar formats are Compact Disc-Recordable 
(CD-R), Compact Disc ReWritable (CD-RW), and Compact Disc read-only 
memory (CD-ROM). CD-ROM discs are identical in appearance to audio CDs. It 





Compact Disc format is originally designed for music storage and playback, the 
format was later adapted to hold any form of binary data. CD-ROMs are popularly 
used to distribute computer software, including games and multimedia 
applications. CD-R is a variation of Compact Disc by Philips and Sony. CD-R is a 
Write Once, Read Many (WORM) optical medium (though the whole disk does 
not have to be entirely written in the same session) and retains a high level of 
compatibility with standard CD readers. Finally, CD-RW is a rewritable optical 
disc format, where information can be deleted and overwritten, is also known as 
CD-Erasable (CD-E) during its development. CD-RW format was introduced in 
1997. In theory, a CD-RW disc can be rewritten roughly 1000 times, although in 
practice this number is much lower. CD-RW should have a life expectancy at least 
25 years; but compared with CD-R, it has more than 30 years. 
 
1.1.2 Digital Versatile Disc Formats 
In the mid-90’s, optical disc technology takes another step which evolves to the 
digital versatile disc (DVD) format that has the ability to store up to 4.7GB. It has 
the same dimensions as compact discs (CDs), but it can store more than 6 times as 
much data. It operates at a shorter wavelength of 650nm with higher focus lens 
NA of 0.65. It is a popular optical disc storage media format for video and data. 
There are a few variations of DVD that often describe the way in which data is 
stored on the discs: (DVD-ROM) has data which can only be read and not written; 
(DVD-R) and (DVD+R) are written once and then function as a DVD-ROM; and 
(DVD-RAM), (DVD-RW), or (DVD+RW) holds data that can be erased and thus 
re-written multiple times. DVD-ROM disc format is mainly for distribution of 





Pioneer in the autumn of 1997. In a DVD-R, the addressing (the determination of 
location of the laser beam on the disc) is done with additional pits and lands 
(called Land Pre-Pits) in the areas between the grooves. The DVD+R format is 
divergent from the DVD-R format. DVD+R has a storage capacity of 4.7 GB 
(4.377 GB) which is less than DVD-R (4.382 GB). The format is developed by a 
coalition of corporations, known as the DVD+RW Alliance in the mid 2002. 
DVD+R is using ADIP (ADdress In Pregroove) system whereby tracking and 
speed control are being less susceptible to interference and error than the LPP 
(Land Pre Pit) system used by DVD-R. This makes the ADIP system more 
accurate at higher speeds that result in fewer damaged or unusable discs. A DVD-
RW disc is a rewritable optical disc with equal storage capacity to a DVD-R, 
typically 4.7 GB. The format was developed by Pioneer in November 1999. The 
rewritable DVD+RW standard was formalized earlier than the non-rewritable 
relation DVD+R. The development of the standard was finalized in 1997 by a 
coalition of corporations known as the DVD+RW Alliance. DVD+RW supports 
random write access, which means that data can be added and removed without 
erasing the whole disc and starting over up to about 1000 times. DVD-RAM 
(DVD–Random Access Memory) is a disc specification presented in 1996 by the 
DVD Forum. DVD-RAM is considered as a highly reliable format, as the discs 
have built-in error control and a defect management system. It stores data in 
concentric tracks that can be accessed without any special software; whereas 
DVD-RWs and DVD+RWs, store data in one long spiral track that require special 







1.1.3 High Definition DVD Formats 
In the mid-year 2000, High-Definition DVD (HD-DVD) was launched by Toshiba 
that can store 15GB of data. HD-DVD is derived from the same underlying 
technologies as DVD except that it uses blue laser with a shorter wavelength of 
405nm. Thus, HD-DVD can store about 3.25 times more as much data per layer as 
DVD. HD-DVD-ROM, HD-DVD-R and HD-DVD-RW have a single-layer 
capacity of 15GB, while HD-DVD-RAM has a single-layer capacity of 20GB. 
Like the original DVD format, the data layer of an HD-DVD disc is 0.6 mm 
below the surface to physically protect the data layer from damage. The NA of 
optical pick-up head is 0.65. All HD-DVD players are backward compatible with 
DVD and CD technologies. In year 2008, major content manufacturers and key 
retailers began withdrawing their support of the format. The company, Warner 
Bros., announced they would stop supporting HD-DVD by June 2008, and the 
company would release software only on Blu-ray Disc. On February 19, 2008, 
Toshiba made an official announcement that the company would no longer 
develop, manufacture, and market HD-DVD players and recorders.  
 
1.1.4 Blu-ray Disc Formats 
Blu-ray Disc format which is launched by SONY Co-operation in year 2003, and 
in 2005 TDK finally developed the first hard coating Blu-ray Disc. Blu-ray Disc 
with a single-layer has a storage capacity of 25GB which uses 405nm of 
wavelength and NA of 0.85. All the major Hollywood studios like Warner Bros, 
Universal Studio, and Paramount Studio dropped the idea of HD-DVD and 
released their movies in Blu-ray Disc format which causes Toshiba to withdraw 





They are (BD-R) discs that can be written once, and (BD-RE) disc that can be 
erased and re-recorded multiple times. The increase in optical storage is mainly 
due to the shrinkage of pit length mark and reducing of track pitch distance. 
Figure 1-2 shows a summary of the various optical disc formats and their 





  CD DVD HD-DVD Blu-ray Units 
Track Pitch 1.6 0.74 0.405 0.32 µm 
Min. Pit Length 0.9 0.4 0.337 0.138 µm 
Wavelength 780 650 405 405 nm 
Numerical Aperture 0.5 0.65 0.65 0.85  
Density 0.4 2.8 8.9 15.9 Gbpsi 
Data Capacity 1 layer 0.7 4.7 15 25 GB 











1.2 Magneto-Optical Technology 
Magneto-optical (MO) recording is based on perpendicular switching of the 
magnetized domains in a magnetic thin film, and the readout is using a laser beam 
to illuminate on a spot size on the disk to read the magnetic state of the media. 
The disc consists of a ferromagnetic material sealed beneath a plastic coating. 
There is no physical contact during reading or recording. The reflected light varies 
due to the magneto-optic Kerr effect. During recording, the light becomes stronger 
so it can heat the material up to the Curie point in a single spot. This allows an 
electromagnet positioned on the opposite side of the disc to change the local 
magnetic polarization, and the polarization is retained when temperature drops. 
 
The popularity of magneto-optical recording has died down over the years due to 
high cost in process. The magneto-optical recording begins in the 80’s where it 
came as 90mm magneto-optical disc by Fujitsu that has a capacity of 230MB. 
Thereafter it evolves to 2.3GB with a 130mm magneto-optical disc in the 90’s. 
Recently, Ultra-Density Optical Disc (UDO) which was developed by SONY Co-
operation can store up to 30GB. In the magneto-optical system, it employs blue-
violet laser that operates at a wavelength of 405nm which is similar to the Blu-ray 
system. The advantage of using this technology is high data retainability. With 
protective coating on the media and encasement in a cartridge, it is expected to 
give it at least 50 years of storage life. Furthermore, UDO has a fast 35-
millisecond random access readout time capability. However, to achieve even 
higher density storage means the bit size has to be in the range of tens of 





the magnetic domain bit size and reliability of the signal-to-noise (SNR) ratio are 
a great issue. 
 
1.3 Review on Various Recording Technologies 
Optical data storage technology is approaching diffraction limit that may 
constraint the mark size to tens of nanometer scale. Furthermore, those as ever-
smaller bits become less thermally stable and harder to access. Over the years, 
many engineers have been finding new recording methodology and try to further 
develop existing technologies to increase the storage density in the optical storage 
technology. Tominaga from Advanced Industrial Science and Technology of 
Japan suggests using Super-Resolution method to overcome the diffraction limit. 
It is using an ultra-thin layer like Platinum oxide (PtOx) as near-field optics 
fabricated before the recording layer in an optical media to reduce the laser spot 
size to make ultra-small mark size. This method is still under development stage 
as the readout durability is an issue that needs to be addressed closely.  
 
Other possible recording methods to achieve ultra-high density is to record bits as 
amorphous region using scanned electron beam [1] which is reported by Gibson 
and the concept is illustrated in Fig. 1-3. Writing process to form an amorphous 
bit is done by using a high power electron optical beam to heat and quench a small 
region. Retrieving data is carried out using a readout beam to scan over the 
surface at a low power density that will not cause accidental erasure and generates 
electron-hole pairs within the recording material. As reported which is shown in 
Fig.1-4, it is possible to achieve a written mark size as small as 200nm in diameter 





of laser beam used for writing is extremely high, and the number of 
recrystallization cycles that is able to perform is less than 1000 times. Another 
disadvantage of this design is that the amorphous bits are closely spaced that will 
diminish the signal from neighboring crystalline regions, thus significantly reduce 
signal-to-noise ratio for sub-150nm bits.  
 
 
Figure 1-3: Schematic drawing of phase-change diode storage medium.  
An electron beam is scanned over the surface of the diode and  
generates electron-hole pairs.[1] 
 
 
Figure 1-4: Results of written marks. The bits labeled “0.5”, “1.0”, and “1.5” are 
amorphous marks written in the InSe layer using different  






There is another recording scheme to increase the storage density by using multi-
level optical recording. As shown in Fig. 1-5, engineers implemented four-level 
recording schemes in phase-change disc that used either two or three recording 
layers [2]. Each of the recording regions represent two-bits data, and every bit has 
a different reflectance for easy recognition. The recording density can be double 
or triple, depending of the schemes. However, the mark size difference between 
two or three recording layers is also enlarged due to excessive heat diffusion. The 
difference in mark size in different layers affects the quality of the readout signal 
which makes the readout process more difficult to be recognized. 
 
 
Figure 1-5: (a) Readout signal of repetitive recording regions with three recording 
layers by (b) pulse-read detection (c) when mark size is 0.8µm.[2] 
 
  





Some engineers from Matsushita Electric demonstrated a nanometer-scale 
recording technique using conductive probe in atomic force microscope (AFM) 
system to record bits on phase change media [3] and this is illustrated in Fig. 1-6. 
They have reported that the smallest recorded region using the AFM was 10nm in 
diameter. The main drawback of this method is that there was great difficulty in 
achieving high-speed operation stability as a data storage device. It was because it 
required a storage medium with a conductive surface and precise control of the 







(a)      (b) 
 
Figure 1-7: (a) Schematic diagram of the SNOM and (b) reflection SNOM image 
of the bit size due to input laser power into the SNOM probe. [4] 
 
For better reliability and stability in data storage, non-contact recording is still 
preferable. Scanning near-field optical microscopy (SNOM) is another recording 
technique that has the possibility of having high recording density and readout 
speed for ultra-high density data storage. In Fig. 1-7, some engineers from Hitachi 
have demonstrate bit size mark in an array of 60nm using SNOM method [4]. 
However, the disadvantages of using this method are the gap control between 
probe tip and the sample is highly precise, fabrication of nanosize optical aperture 
having high yield is tough, and transferring the required heat to a nano-area for 





Holographic data recording stores information using an optical inference pattern 
within a photosensitive crystal or polymer. Light from a single laser beam is 
divided into two separate beams, a reference beam and an object or signal beam. 
A spatial light modulator (SLM) is used to encode the object beam with the data 
for storage. An optical interference pattern results from the crossing of the beams’ 
paths, creating a chemical and/or physical change in the photosensitive medium; 
the resulting data is represented in an optical pattern of dark and light pixels. The 
data is stored and extracted in full pages which can contain several millions of bits. 
This technology allows data stored volumetrically and the data transfer rate is 
relatively high. Presently in April 2008, a holographic storage developer, InPhase 
Technologies Ltd, has come out a write-once-read-many (WORM) polymer type 
holographic disc that can store data up to 300GB, and a holographic system has a 
data transfer rate of writing and reading at 20MB/sec [5].  
 
 
Figure 1-8: Illustration of pack density through holographic recording by 





They use a method known as polytopic multiplexing, which is illustrated in Fig.1-
8, is an improved version of traditional angular-multiplexing. However, the 
signal-to-noise (SNR) achieved is around 5dB. Some engineers from IBM have 
tried using phase conjugate readout technique to improve the SNR of holographic 
recording by using recording crystal (LiNbO3) and phase conjugation crystal 




(a)      (b) 
 
Figure 1-9: Portions of data pages reconstructed (a) without phase-conjugate 
readout (BER:5x10-2); (b) with phase-conjugate readout (BER <10-5) [6]. 
 
The capacity of a holographic storage system tends to increase with storage 
medium increase in thickness and thus reduces crosstalk between other pages 
stored in the same volume. Therefore, at least a few millimeters media thickness is 
highly desirable. However, this makes the organic photopolymer media difficult to 
maintain good optical quality while scaling up its thickness. Inorganic 
photorefractive crystal media is used as rewritable storage, but it can only be 
reused for 100 times due to lack of sufficient sensitivity for recording. Another 





recording in an amorphous chalcogenide thin film which is less than 1μm thick [7]. 
A diffraction efficiency of minimum 50% for a grating period of 246nm is 
achieved. The main disadvantage of holographic technology is that the 
holographic photopolymer has the problems of material shrinkage with 
polymerization, possibility of nonlinear response, and Bragg angle selectivity is 
not big enough for more holograms to be written in a common volume. 
 
In the areas of magneto-optical recording [8], one way to increase the storage 
density is to have precision engineering microstructure control over the magnetic 
recording layer. This relates to the saturation magnetization and coercivity 
parameters closely. The argon pressure during sputtering for the media fabrication 
can affect the perpendicular magnetic anisotropy constant Ku, and the columnar 
structure of the magnetic layer.  
 
 
Figure 1-10: Mark length dependence of the signal level from isolated marks:  







There is another group of engineers from Matsushita Electric who introduced an 
underlayer to the magnetic recording layer stacks to increase storage density by 
having smaller mark sizes [9]. They have demonstrated higher anisotropy constant, 
larger coercivity, and higher Kerr hysteresis loop squareness ratio in the media. 
The readout signal is readable even for the mark length as small as 50nm which is 
shown in Fig. 1-10. However, the drawback for this method is the process control 
for fabricating the media which was highly stringent and the signal level dropped 
significantly as the mark size less than 50nm. 
 
1.4 Motivation And Objectives 
There are many possibilities to improve the capacity of optical storage technology. 
However, which technology will emerge as the next generation optical storage 
still remains unknown. Optical disk technology is highly popular due to its 
removability and low cost. A recorded bit is detected by photosensor through a 
focused laser spot, and its intensity relates to the binary state of the data bit. For 
this instance, it is only one dimension of the light parameter that is used in the 
optical recording. The size of the recorded bit is limited by optical diffraction limit 
which is determined by laser wavelength and focusing lens numerical aperture 
(NA). Presently, this technology is reaching its limits where the operation 
wavelength of the laser is at the visible spectrum of deep blue region, and the 
numerical aperture of objective lens is reaching very close to 1 (the refractive 
index medium (air) between lens and media is = 1).  
 
Therefore, one of the ways to increase the storage density that goes beyond the 





which leads to different levels of reflectivity [10]. This can increase the recorded 
bits from two binary states to four or more binary states. Another way to achieve 
ultra-high optical storage density is to use other parameters of light rather than its 
intensity [11]. Currently, multi-level recording uses one parameter of light which 
is by intensity of reflected light. By looking into the concept of electromagnetic 
field of light, it has other parameters such as polarization, frequency, wavelength, 
phase shift which can be used. Each parameter represents one dimension for 
example (a) and it has multiple state levels for example (a
n
). If the total number of 
light parameters or dimensions used in a spot size is f, then having different 




 × ...× f
k
). This principle can be expressed in Fig. 1-11.  
 
 
Figure 1-11: Schematic idea of a recorded mark that shows different  



















































Therefore, it is possible to increase the recording density in the optical disc 
storage significantly by increasing the number of dimensions and levels of the 
light parameters to be used. Thus, in this example, the total multiplication in one 
spot size is (n × m × ...× k) times. Hence, with this concept, it forms the basis of 
multi-dimensional multi-level (MDML) optical recording. 
 
Knowing that light is able to be used for reading the polarization angle changed in 
a magneto-optical material when an opposite magnetic field is applied. Therefore, 
my research work was to find out the feasibility of increasing the binary state in 
one recorded bit using two dimensions of light parameters which are amplitude 
and polarization. To achieve this type of recording media, it is to fabricate a 
sample that contains phase change recording material and magneto-optical 
recording material together. Rewritable disc type MDML media will be fabricated 
for the experiment. By combining different levels of reflectivity based on partial 
crystallization on phase-change material and polarization angle changed on the 
magneto-optical material due to magnetic field applied, it is possible to increase 
the storage density by triple or more than the usual in one recording spot. Further 
experiments are done to investigate the effect of having phase-change and 
magneto-optical materials fabricated together in the MDML samples. In addition, 
the tested results will be used to find out the potential recording materials that can 
be fabricated as a suitable MDML rewritable media to be used for MDML 
recording in future.  
 
With that therefore, a multi-dimensional multi-level (MDML) static tester is 





fabricated MDML sample that carries reflectivity modulation difference between 
amorphous and crystalline states, polarization angles changed due to applied 
magnetic field, and the size of coercivity in the fabricated media. Different 
samples with various sputtering parameters and recording materials were 
fabricated to test the capability of this static tester and its limitation.  
 
1.5 Organization Of This Theses 
In Chapter 1, an overview of the market trend in the optical storage industry and 
brief review of the possible technologies from engineers and researchers projected 
over the next 10 years are discussed. Motivation factors that drive the research 
work to be carried out, and the objectives in this thesis are introduced. 
 
In Chapter 2, theoretical background of the phase change materials and magneto-
optical materials will be discussed. They form the basis in my experiments. The 
fundamental mechanism of using these materials and its recording principles will 
be introduced. The characteristic of these materials, as well as its formation and 
functionality will be elaborated.  
 
Thereafter in Chapter 3, the preparation and fabrication of the MDML samples 
procedures and the sputtering process for the fabricated layers in the media 
structure will also be discussed. Atomic Force Microscopy (AFM) is used to 
measure thin films thicknesses and uniformity for various materials will be 
introduced briefly. The amount of thin film deposited is closely related to the 
sputtering process time, and the fabrication design of the MDML media. In 





introduced as it is used to perform crystallization on the as-deposited amorphous 
phase change materials. 
 
Chapter 4 will introduce the design and development of the MDML static tester. 
The optical component setup for the tester will be mentioned. Before the 
measurement in the final testing of the fabricated samples, calibration and 
functional test on the MDML static tester will be performed.  
 
The experimental results will be discussed in Chapter 5. Using the developed 
MDML static tester to test the feasibility of the MDML disc structure sample 
through the data acquired from the tester. Real-time data on reflectivity 
modulation difference, Kerr angle signal, and changes in Kerr loop and its 
coercivity are acquired through the MDML static tester. From these results, the 
MDML media samples will be further improved through changes in sputtering 
parameters and recording materials. More experimental tests will be carried out 
and the media performance will be further evaluated. 
 
Conclusions with evaluation on the objectives and overall performance exhibit by 
the improved MDML sample structure for the feasibility of multi-dimensional 
multi-level recording will be discussed in Chapter 6. Finally in Chapter 7, a brief 
suggestion of the possible ways to enhance the performance of MDML media 
structure and materials, and the capability of MDML static tester for recording. 





Theoretical Background on Recording Materials 
In this section, two different recording materials will be discussed on its 
theoretical function and application purpose. Phase-change material exhibits phase 
transformation, nucleation kinetics, and growth kinetics when laser pulse is 
applied. This material can be in amorphous state and crystalline state. The states 
are switchable and exhibit significant different optical constants between their 
states. Magneto-optical material relates to the change in light polarization when a 
magnetic field is applied. Different orientations affecting the quality of output 
signal and the application of this recording method will be further described.  
 
2.1 Phase-Change Material 
The concept of phase-change mechanism is where there is a transformation of 
phase in the material between the amorphous state and crystalline state. It is done 
by applying fast laser pulse for heating and quenching of the material. The reason 
behind phase transformation is due to crystallization kinetics which relates to the 
activation energy. The activation energy in the amorphous crystallization 
phenomena is associated with nucleation and growth processes. By controlling the 
crystallization, it is able to determine the effective working limits due to stability 
of crystallization and speed of recrystallization.  
 
Rapid recrystallization is essential for the application in data storage as it 
determines the time needed to erase the information stored in an amorphous bit. 
Hence, a major challenge in the research field of chalcogenide materials is to 
separate the class of chalcogenides with properties suitable for data storage 




applications from those which are unsuitable. Such classification of chalcogenide 
materials can be shown as a simple model in Fig. 2-1 by Luo and Wuttig[12]. To 
select a phase-change material that is suitable for optical data storage is closely 




Figure 2-1: Classification of chalcogenides materials model.[12] 
 
 
Normally in the optical storage industry, the commonly and widely used phase 
change recording material for optical recording is Ge2Sb2Te5(GST) [13][14]. Two 
other phase change materials which are Ag5In5Sb60Te30(AIST) and 
Al90Ni7Gd3(AlNiGd) will be introduced and discussed for my experimental work. 
These materials are chosen due to its fast crystallization at low energy, high 
thermal stability, and high refractive index characteristic [15].  
Phase Change 
Materials 




2.1.1 Phase Transformation 
The thermal stability in the system depends on its free energy (f) which is defined 
by  
 
f = U + p · V – T · S  ,   (2.1) 
 
where U, p, V, T and S are the internal energy, pressure, volume, temperature, and 
entropy of the system respectively. The system is stable when free energy is at 
minimum. The transformation from α to β phase is determined by the difference 
between free energies of these two phases which are shown in Fig. 2-2. The phase 
is usually formed by cooling sufficiently fast so that nucleation occurs at 
temperature between melting temperature Tm and transition temperature Tx. 
 
 
Figure 2-2: The change in free energy for phase α to stable phase β. [12] 
 
The temperature related to free energy is described in Fig. 2-3. Crystallization is 




















sufficient thermal activation is available, amorphous phase would become 
crystallized. Activation energy EA represents the barrier gap between the 
amorphous phase and the crystalline phase. Thus, EA determines the kinetics of 




Figure 2-3: The dependence of free energy with temperature as a liquid is  
cooled forming either amorphous solid or crystalline solid.[16] 
 
2.1.2 Nucleation kinetics 
The probability of nucleation occurring at any given site is identical to that at any 
other site within the volume of parent phase in homogeneous nucleation. 
Supposed a small spherical particle of a new and stable phase appears in the 
middle of the parent phase. The total free energy change ∆f is determined by the 
formation of a cluster with radius r 
     





















where ∆Fν is the Gibbs free energy change per unit volume and γ the surface 
energy per unit area of the interface separation of the new and parent phases. 
 
 
Figure 2-4: Free energy changes during nucleation of spherical solid  
nuclei from a pure liquid. [12] 
 
Thus, the two terms in equation (2.2) are plotted in Fig. 2-4. As the cluster 
increases in size, its free energy also increases until a critical radius until r* is 
reached. Cluster of radius less than r* will tend to dissolve, and so lower the free 
energy. On the other hand where cluster of radius larger than r* will lower its free 
energy by growing. Thus, cluster with r > r* is referred as nuclei. To form a 
nucleus, the energy ∆f* is required where thermal activation is needed. 
 
∆f*= 16πγ3T2m / 3(∆hν)
2(∆T)2  ,  (2.3) 
 




Equation (2.3) shows the activation energy of a crystalline nucleus increases with 
melt-crystal interface free energy, decreasing enthalpy of fusion, and decreasing 
under-cooling. The number of critical sized cluster N* is given by 
 
   N* = Ntexp(-∆f* / kBT) ,   (2.4) 
 
Where Nt is the total number of cluster per unit volume of parent phase, kB 
Boltzman constant, and ∆f* expressed in units of joule per mole. The nuclei grow 
by addition of atoms. The rate of addition is proportional to the product of 
frequency of motion ν into the nucleus for a single atom and the number of 
neighboring nucleus s*. Thus, the rate of nucleation dN/dt is given by 
     
dN/dt = N*νs*  ,    (2.5) 
 
The motion of atoms in the nucleus is diffusive and given by 
     
ν = exp (-∆fD / kT) ,    (2.6) 
 
where ∆fD is the activation energy for diffusion. Combining equations (2.4), (2.5) 
and (2.6) give the temperature variation of the rate of nucleation as 
 
I = dN/dt  ∞  s* exp(-(∆f* + ∆fD) / kT) ,  (2.7) 
 
Therefore, the nucleation rate I given by equation (2.7) is zero at the equilibrium 
temperature. At temperature below the melting temperature, ∆f* is finite. I 




increases with decreasing temperature as ∆f* decreases. However, ∆f* becomes 
negligible compared to ∆fD, and I decreases with temperature. Thus, there is a 
maximum in the homogeneous nucleation rate below the melting temperature. 
After the formation of the nucleus, it may reduce its total free energy by 
continuous growth. Thus, it will lead to growth kinetics.  
 
2.1.3 Growth Kinetics 
The amount of growth in the size of the product particle cluster after it has 




Figure 2-5: Schematic representation of growth from phase α to phase β 
 
It requires thermal energy to overcome the potential barrier between the two 
phases. It is illustrated graphically in Fig. 2-5 to have better understanding of the 









The growth rate of the new phase is determined by the flow of the atoms between 
the two phases. The flow rate of atoms ư*ij from phase i to phase j is given by [16] 
 
 ư*ij = ni  νi  pi Bj*  exp(-Ug,ij / kBT)  i,j = 1,2. , (2.8) 
 
where ni is the surface density of phase i atoms at the interface; νi the frequency 
factor of change from phase i to j; pi the probability that an atom at the interface 
successfully changes its position and join phase j; and Bj the probability of such an 
atom staying in phase j. The difference between ư*21 and ư*12 determines the net 
flux of the atoms [16]. The growth rate Ug first increases with degree of 
supercooling, but eventually starts to decrease as the thermal energy kBT falls. 
This results in maximum at some intermediate degree of supercooling. The 
maximum growth rate usually occurs at a higher temperature than the maximum 
nucleation rate. The overall crystallization rate is obtained by combining the rates 
of nucleation and growth. This is usually described by a theory derived 
independently by Johnson and Mehl [17] and Avrami [18], now known as 
Johnson-Mehl-Avrami (JMA) theory. The following section discusses the JMA 
theory. 
 
2.1.4 The Johnson-Mehl-Avrami (JMA) Transformation 
The velocity of crystallization occurs when stable nuclei form and their 
subsequent growth rate. For isothermal annealing, the degree of transformation 
increases with time and stops once a minimum in free energy for the system is 
reached. The velocity of transformation is strongly temperature dependent. The 
JMA transformation equation relates the fraction of the material transformed with 




time at a constant temperature. For the case of a homogeneous reaction, it is 
assumed that the probability of transformation in any small region in a given time 
interval will be the same for all such regions in the untransformed volume. 
Therefore the volume transformed in an infinitesimal time interval will be 
proportional to the volume remaining untransformed at the beginning of the time 
interval. Taking the total volume as Vo and the volume transformed in time dt as 
dV, then the transformation could be expressed as 
 
dV/dt = k(Vo - V) ,    (2.9) 
 
the equation (2.9) leads to 
  
V/Vo = α(t) = 1 – exp(-kt) ,   (2.10) 
 
where k is known as the rate constant and α(t) the fraction of material transformed 
after time t. Incorporating the nucleation and growth reactions, it can be written as  
 
α(t) = 1 – exp[-k(t-to)
n
] ,   (2.11) 
 
where to is the incubation time and the exponent n the order parameter which 
depends upon the nucleation and growth mechanisms [19]. The constant rate can 








k = ko * exp(-ΔE / kBT) ,   (2.12) 
 
where ko is a pre-exponential frequency factor. 
 
2.1.5 Relationship Between Amorphous and Crystalline States 
Generally, in optical storage applications, fast data writing and excellence in 
repeated overwriting are very important. Chalcogenide phase change materials, 
Ge-Sb-Te based materials, have the properties of rapid quenching capability, and 
large optical contrast between amorphous and crystalline phases [14][15]. This 
alloy has a high speed phase change capability, and there is a large optical 
constant difference between amorphous and crystalline states. The phase change 
temperature of this material is very suitable as it has phase transition from 
amorphous at around 180°C.  
 
For Ge-Sb-Te materials when they are in amorphous state, the atoms in this alloy 
have unorganized atomic positioning, and they exhibit high resistivity. When 
these materials are in crystalline state, the atoms are in an organized structure 
manner and exhibit lower resistivity. To have amorphous-crystalline 
transformation to occur, it is done by heating an amorphous thin film material to a 
certain temperature between transition temperature and melting point, and it is 
cooled down at a slower rate. The atoms in the structure will be well-aligned and 
is illustrated in Fig. 2-6. 
 
 





Figure 2-6: Writing strategy to change state from amorphous to crystalline. 
 
 
Figure 2-7: Writing strategy to change state from crystalline back to amorphous. 
 
Figure 2-7 shows how the phase change material changed from crystalline state to 
amorphous state. It is achieved by heating the material using ultra-short laser 
pulse to heat beyond the melting point of the material and thereafter having it 
quench rapidly. The material turned molten when heated above melting point; and 




then it is quickly cooled and solidified. The atoms formed are less orderly aligned, 
thus known as amorphous state. 
 
The reflectivity for amorphous state and crystalline state in the phase change 
materials can be detected through readout beam, and the reflectivity for both states 
have high optical contrast. It forms the basis of binary state of „1‟ & „0‟ for optical 
data storage. The amount of reflectivity change between amorphous state and 
crystalline state, which is known as reflectivity modulation, can be described as 
following: 
 
Modulation (%) = (Rc-Ra)/Rc  ,  (2.13) 
 
where Rc : Reflectivity in crystalline state 
 Ra : Reflectivity in amorphous state 
 
 
2.2 Magneto-Optical Material 
A magnetic layer which exhibits magneto-optical property is homogeneously 
magnetized. It is heated by laser pulse to a sufficiently high temperature, where 
the coercivity of the magnetic layer can be reduced. Thereafter, magnetization in 
the opposite direction is made easier. As a result, small bubble domains with 
magnetization are formed in a surrounding with magnetization which can be 
attributed as binary data.  
 
 




2.2.1 Principles of Magneto-Optical Effect 
In magnetostatics, there are no carriers of magnetic charge (monopoles). The basic 
sources of magnetic field are the electrons. Their orbital motion around the nuclei 
of atoms as well as their intrinsic spins creates the ordinarily observed magnetic 
fields. An orbiting electron resembles a small current loop, and the magnetic field 
produced by such a loop is essential for a dipole placed parallel to the axis at the 
loop center. Thus, every electron in its tiny orbit behaves like a small bar magnet. 
As a collection of non-interacting particles confined in a volume, the particles, 
each carrying a magnetic moment, are in thermal equilibrium at a finite 
temperature. In the absence of an external magnetic field, the randomly oriented 
dipoles cancel out each other along a given direction in space. Thus, the collection 
of particles will have no net magnetic moment. However, when a field is applied, 
the individual dipoles tend to align themselves with the field. As a result, a net 
magnetic moment parallel to the field will develop. The material will remain 
magnetized for a long period of time even after in the absence of an external 
magnetic field. This behavior is known as ferromagnetism. However, all these net 
magnetic alignment can be affected with a reverse magnetization or by applying 
heat to a certain temperature. 
 
2.2.2 Exchange Interaction 
The most common magnetic phenomenon, ferromagnetism, occurs due to certain 
solids individual atomic magnetic dipoles couple to each other and form 
magnetically ordered states. The exchange interaction between neighbor magnetic 
ions will force individual moments into parallel (ferromagnetic) or antiparallel 
(antiferromagnetic) alignments with their neighbors. As exchange interaction 




happens, certain materials composed of magnetic ions exhibit a spontaneous 
magnetic moment below a certain critical temperature. This phenomenon is 
known as ferromagnetism, and the critical (or Curie) temperature is associated 
with the second order and ferromagnetic-to-paramagnetic phase transition. The 
simplest model on which to base a description of ferromagnetism is provided by 
the mean-field theory [20][21]. The total effect field on an ion is given as 
 
Beff = Bo + Z * ε / (m
2
) ,   (2.14) 
 
where Bo is external magnetic field, Z coordinating number, ε nearest-neighbor 
exchange interaction coefficient, m individual magnetic moment. The critical 
Curie temperature is thus proportional to the exchange parameter ε. It can be 
described as [21] 
 
Tc = J(J+1) * [(Z * ε) / (3kB)] ,  (2.15) 
 
In an antiferromagnetic material, the exchange interaction coefficient ε between 
neighboring ions is negative. The moments form two interpenetrating sublattices 
but the relative orientation of the two is antiparallel. Thus, the net magnetization 
of the lattice as a whole is zero. Nevertheless, there exists an order-disorder phase 
transition from antiferromagnetism to paramagnetism in the material, and the 
transition temperature is known as Neel temperature TN. Since its arrangement of 
spins has no net magnetization, the substance does not show the kind of behavior 
exhibited by ferromagnetic materials. Thus, it gives rise to a characteristic 
temperature dependency of the susceptibility χ. Contrary to the case of 




paramagnetism, where the susceptibility increases with the decrease of 
temperature, antiferromagnetic substances show a decrease of susceptibility below 
the transition temperature TN. When the field is applied perpendicular to the spin 
axis, magnetization takes place by the rotation of each spin away of the axis, in 
which case the susceptibility becomes nearly independent of the temperature. 
Above TN the susceptibility always decreases with increasing temperature, 
independently of the direction of the applied field. Thus, χ(T) shows a kink at the 
transition point. This behavior is one of the distinguishing features of 
antiferromagnetism. 
 
2.2.3 Magnetic Properties Of Rare Earth Materials 
 
Figure 2-8: Magneto-optical properties of amorphous rare earth (RE) and  
transition metal (TM) thin films [22]. 
 
 




The condition can be fulfilled by amorphous films consisting of rare earth (RE) 
and transition metal (TM) components. A typical example is Tb75Fe25 where the 
Tb and the Fe elements can be partially substituted by other RE or TM atoms, for 
instance Gd, Dy…, or Co, Ni…, respectively. This is because the films have an 
antiferromagnetic coupling between the RE and the TM components, the net 
magnetization Ms can be small in spite of the fact that the magnetizations of the 
RE and TM sub-networks are high.  
 
These two sub-network magnetizations are temperature dependency. Often a 
compensation temperature exists where the net magnetization is zero. This can be 
seen in Fig. 2-8. In this figure, Ms is saturation magnetization; qk Kerr rotation, 
and Hc coercivity. At compensation temperature Tcomp, the coercivity of the 
material becomes infinite because an external field cannot turn the magnetization 
into any given direction. This is important for the stability of the magnetic 
domains. At high temperature near the Curie temperature TC, the coercivity of the 
material reduces. That amount of coercivity is small enough to allow external bias 
field Hb to change the direction of the magnetic domains. During cooling to room 
temperature the coercivity increases rapidly and, as a consequence, a written 
magnetic domain will not be disturbed by any external stray field. 
 





Figure 2-9: Magnetization Ms of four TbFeCo films with different compositions; 
sample (1) Tb29,9 Fe62,6 Co7,5; (2) Tb27,2 Fe65,5 Co7,5; (3) Tb23,6 Fe67,6 Co8,8;  
(4) Tb21,2 Fe71,9 Co6,9 [23] 
  
An example for different composition TbFeCo films is shown in Fig. 2-9. Within 
a small range of composition the compensation temperature changes from zero to 
a value above Curie temperature. For the stability of the domains a compensation 
temperature near room temperature is favorable which can be obtained by a Tb 
content of approximately 25%. In general, different compositions of Tb, Fe, and 
Co content in the alloy of TbFeCo film can lead to different Curie temperature TC 
[24]. A Curie temperature near 200°C is convenient for the writing process. For a 
given Tb content, the Curie temperature can be slightly shifted to higher values by 
substitution of Fe by Co [25].  
 
The Kerr effect required for readout is related to interband and intraband 
transitions of the RE/TM alloy. For wavelengths between 650nm and 780nm 




which are commonly used for readout, the main contribution comes from the 3d 
electrons of the transition metals. In the temperature range near the compensation 
temperature, the Kerr rotation θK varies only slightly according to the variation of 
the magnetization of the TM sub-network. An external field, however, acts on the 
net magnetization, which changes from RE dominated behavior below the 
compensation temperature to TM dominated behavior above the compensation 
temperature.  
 
2.2.4 Magnetic Anisotropy 
In a crystalline material, there are certain crystallographic directions along which 
the magnetization prefers to orient itself to easy axis. The tendency of a magnetic 
crystal to direct the magnetization along certain directions is called magnetic 
anisotropy. The energy associated with various orientations of magnetization 
vector is the anisotropy energy. For instance, in cobalt, which is a hexagonal 
crystal, the c-axis is the direction of easy magnetization at room temperature. The 
polar Kerr effect used for the read out procedure is sensitive to the magnetization 
component perpendicular to the film plane. In order to obtain a complete 
perpendicular orientation, a sufficiently high perpendicular anisotropy Ku is 
necessary. It must be larger than the shape anisotropy which is proportional to Ms
2 
[22]. It can be shown as the following equation. 
 
Ku ≥ (1/2) μo * Ms
2
 ,   (2.16) 
 
The simplest kind of magnetic anisotropy is uniaxial anisotropy with the 
dependence of energy on the angle between the magnetization vector and the 




(unique) axis of anisotropy. A major origin of magnetic anisotropy in the 
transition metals is by pair-ordering method. The spin interacts with the orbital 
motion through spin-orbit coupling and aligns itself relative to the crystal axes. 
There are small amounts of orbital magnetic moment left unquenched by the 
crystal field. A part of the orbital will rotate in the wake of a rotation of the spin 
due to their interaction between the two atoms. The rotation of the orbital will 
change the overlap of the wave functions between the two atoms, giving rise to a 
change in the electrostatic energy, it relates to exchange energy. This is believed 
to be the main contributor to the magnetic anisotropy of the 3d transition metals as 
well as the alloys of other metals [26]. 
 
2.2.5 Different Orientations 
For readout of the magnetic signal, normally magneto-optical Kerr effect is 
applied. It is through applying polarized light reflected from a sample in 
magnetization that is perpendicular to the surface, the polarization becomes 
elliptical with a small tilt (Kerr rotation) and an ellipticity which is proportional to 
the magnetization (Polar Kerr effect). By means of a polarizer, the Kerr rotation 
and the Kerr ellipticity can be transformed into an intensity modulation of the 
reflected light which corresponds to the binary information represented by the 
bubble domain structure. 
 
To further describe the effect and the reason to use this method, three different 
principal orientations upon the sample to achieve the best result will be examined. 
The types of orientations are longitudinal, polar, and transverse. These 
orientations are illustrated through following diagrams. The direction of 




magnetization indicates as vector M with respect to the surface of the material and 
the plane of incidence optical beam. 
 
In the longitudinal case, the magnetization vector is in the plane of the surface and 
parallel to the plane of incidence. This is illustrated in Fig. 2-10. The effect is 
simple and occurs for radiation incident in the P-plane (E-vector parallel to the 
plane of incidence) or the S-Plane (E-vector perpendicular to the plane of 
incidence). The effect is that radiation incident in either of these linearly polarized 
states is, on reflection, converted to elliptically polarized light. The major axis of 
the ellipse is rotated slightly with respect to principal plane which is known as 
Kerr rotation. However, there is no effect at normal incidence. 
 
 
Figure 2-10: Readout signal through longitudinal method 
 
Fig. 2-11 shows the transverse case, whereby there is only an effect for radiation 
polarized in the P-plane. In such a case, the reflected radiation remains linearly 
polarized and there is only a change in reflected or transmitted amplitude such that 
M 
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as M changes sign from +M to -M the reflectivity changes from R+∆R to R-∆R. 
However, there is no effect observed at normal incidence. 
 
 
Figure 2-11: Readout signal through transverse method 
 
 
Figure 2-12: Readout signal through polar method 
 
Finally the last method which is the polar case that is shown in Fig. 2-12, the 
magnetization vector is perpendicular to the plane of the surface. The effect is 
M 
Plane of incidence 
M Plane of incidence 




simple and occurs at the incidence in the P-plane or S-plane. Similarly to 
longitudinal case, it has linearly polarized state, on reflection which is converted 
to elliptical polarized light, and the major axis of the ellipse is slightly rotated with 
respect to the principal plane. The main difference with longitudinal case is that 
there is an effect observed at normal incidence. 
 
2.2.6 Coercivity and Hysteresis Loop 
A major factor encounter in description of the thermomagnetic write and erase 
processes is the coercivity of the magnetic material. The coercivity is defined for a 
hysteresis loop as the value of the applied field at which the net magnetization 
becomes zero. A hysteresis loop is the plot of magnetization versus the applied 
field that is obtained when the direction of the field is fixed along easy axis of the 
sample, while its magnitude is cycled between large negative and positive values. 
The hysteresis loop is representative of the sample as a whole rather than of the 
properties of a particular location on the sample. The lack of retraceability of the 
magnetization curve is called hysteresis which is related to the existence of 
magnetic domain in the material. 
 
A hysteresis loop shows the relationship between the induced magnetic flux 
density B and magnetizing force H. Fig. 2-13 shows the hysteresis loop [27]. 
 





Figure 2-13: General overview of the hysteresis loop 
 
A ferromagnetic material which has never been magnetized follows a non-linear 
magnetization curve when it is magnetized from zero field value at point “O” 
which is shown in dashed line. At point “A”, almost all of the magnetic domains 
are aligned. Even with additional increase in magnetizing force, it produces little 
increase in magnetic flux density. Thus, the material reaches magnetic saturation 
level (MS) for that particular direction. When driving the magnetic field back to 
zero, this is where the curve moves from point “A” to point “B”. The 
ferromagnetic material retains a considerable degree of magnetization (MR). This 
is known as the point of retentivity. When the magnetizing field is removed, the 
material has the ability to retain a certain amount of magnetization due to majority 






























As the magnetic field is reversed and increased in intensity, the curve moves to 
point “C”, where the flux density reduces to zero. This is called the point of 
coercivity (HC) whereby the reverse magnetization force has flipped enough 
magnetic domains so that net flux within the material is zero. 
 
As the magnetizing force increases in the negative direction, the material will 
again become magnetically saturated to the position at point “D” on the curve. 
The situation is same as point ”A” except the flux density of magnetic domain is 
saturated in another direction. Magnetic force reduced to zero brings the curve to 
point “E” where it has certain degree of coercivity of flux density in the opposite 
direction. An increase of magnetizing force in the positive direction will return to 
the net flux of zero at point “F”. A further increase of magnetic field will cause 
the magnetic domains to realign again to saturation level at point “A”. Thus, this 
completes the hysteresis loop. For the requirement of the recording media, the 
retentive magnetization must be nearly equal to saturation magnetization even 
after the external magnetic field is removed. Squareness (S) of the hysteresis loop 
can be defined by the following equation. 
 
S = MR / MS   ,   (2.17) 
 
The indication of the squareness of the magnetization curve which is known as 
coercivity squareness (S*) is defined as 
 
[dM/dH]Hc = MR / HC (1 – S*)  ,   (2.18) 
 




The higher the S* value, the more uniform is the magnetic reversal. Presently, the 
media has S* value of 0.8 to 0.95 and exhibits high perpendicular magnetic 
anisotropy. A low value of S* is undesirable as it indicates the magnetic reversal 
is non-uniform and the anisotropy is of in-plane type. This makes the process of 
magnetic writing difficult as the magnetic moments switch direction over a big 
range of magnetic field strength. On the other hand, S* value of 0.9 and higher 
gives rise to strong magnetostatic and intergranular interactions. During the 
recording process, exchange interactions cause the grains to act co-operatively. 
This leads to wide zigzag walls in the transition region. The irregularity of the 
wall in the transition results in media noise. Therefore, the stability of the 
recorded domain, intensity of read back signal, and its resolution are closely 
related to its coercivity, magnetization saturation, magnetic retentivity, and 
squareness. The noise property of the film is mainly due to grain size, grain 
coupling, and grain crystallography and orientation. 





Experimental And Measurement Tools 
This chapter describes the experimental procedures for various thin film materials 
to be deposited during sputtering process. The samples used for experiment were a 
composite of multilayer nanostructure films that contained layer of chalcogenide 
phase change material, magneto-optical material, dielectric material, and 
reflective material. These films were prepared onto a 0.6mm thick planar 
polycarbonate substrate by magnetron sputtering. Direct current (DC) magnetron 
sputtering was used to deposit phase change layer, magneto-optical layer, and 
reflective layer; while dielectric layer was deposited by radio frequency (RF) 
magnetron sputtering during the process.  
 
3.1  Sputtering Process 
 
Figure 3-1 Overview of sputtering technology 
 
Sputtering technology is a physical process whereby atoms in a solid target 



















energetic ions. It is commonly used for thin film deposition, and the condition of 
deposited film is very homogeneous over a large flat area of substrates, such as 
silicon wafer, architectural glass, and polymer. The sputtering process can be 
illustrated in Fig. 3-1. Sputtering is largely driven by momentum exchange 
between the ions and atoms in the material due to collisions. The process involves 
ejection of atoms from the surface of a target material by bombardment with 
energetic particles, normally using inert gas, such as argon. The ejected atoms 
condense on a substrate and form a thin film, which is illustrated in Fig. 3-2. 
Atoms can migrate over the surface until they bond to other atoms or to a 
substrate feature. These nuclei grow into larger islands which merge even as the 
deposition continues. Two or more clusters combine to reduce the total surface 
energy. Under most sputter conditions, 3-D island structures will continue to grow 
and form thin film onto the substrate [28]. 
 
 
Figure 3-2 Formation of thin film 
 
A simple source of ions for sputtering is provided by the well-known phenomenon 
of glow discharge due to an applied electric field between two electrodes in a gas 
Sputtered Atom (eV) 
Atom “hops” 
on surface 
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Atom losses 
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at low pressures around 1 to 10 mTorrs. The target region is cathode electrode, 
while the substrate region is anode electrode. Several hundred of voltage is 
applied between the two electrodes. The argon ions which are positively charged 
are driven towards the cathode by certain potential, and the electrons from the 
target are driven towards the anode by the same potential. There will be negative 
glow and plasma generated. As long as the potential is maintained, a certain 
population of ions and electrons collision will remain [29]. The discharge current 
increases with target voltage and gas pressure as well as varying with the gas. 
Since the discharge is uniform over the target, current density can be compared for 
different electrode sizes. Energy (J) is in (mA/cm
2






 ,    (4.1) 
 
where Vo is the value of V required to maintain the discharge, and to (p-po), where 
po is the gas pressure needed to maintain the discharge [30]. 
 
3.1.1 DC Sputtering 
The electron density or the number of generated ions is the highest when the B-
field is parallel to the substrate surface. DC sputtering produces a uniform source 
of ions with appropriate energies. The highest sputter yield happens on the target 
area right below this region. An erosion zone is formed which follows the form of 
the magnetic field. The bombardment of a non-conducting target with positive 
ions would lead to a charging of the surface and subsequently to a shielding of the 
electrical field, which is shown in Fig. 3-3.  
 





Figure 3-3: Schematic diagram of DC sputtering 
 
To maximize sputter yield, the sputtering voltage is typically from -2kV to -5kV. 
By applying bias voltage onto the substrate, it allows substrate to be bombarded 
by electrons and ions from target and plasma. Also, by applying a negative bias on 
the substrate, it is able to control the bombardment. Thus, it changes the properties 
of the thin film deposited. Heat is generated on the substrate after rapid 
bombardment of ions, cool water is necessary to carry away the heat. This reduces 
the polycarbonate substrate from wobbling. 
 
The rate of materials deposited onto the substrate not only depends on sputtering 
power, but also argon pressure. Fig. 3-4 shows a general profile of deposition rate 
at various argon pressures. Normally the optimized deposition rate for most 
materials is around 100mTorr. This is due to the increasing number of argon ions 
and increasing scattering of argon ions with neutral argon atoms. Generally, if 
there is an increase of number of ions without increasing number of neutrals, the 
sputtering operation is at lower pressures. Thus, particle energy increases with 




increasing sputter voltage, decreases with increasing substrate bias, and decreases 
with increasing of argon pressure. Therefore, DC-sputtering is restricted to 
conducting materials, like metals or doped semiconductors. 
 
 
Figure 3-4: General idea of deposition rate on different argon pressures 
 
3.1.2 Radio Frequency (RF) Sputtering 
Good insulating materials in DC systems, positive charge builds up on the cathode 
(target), it needs very high voltage to sputter the insulators target. To avoid heavy 
charge build up in the cathode, alternating potential has to be used. Thus, radio 
frequency (RF) sputtering is necessary which is shown in Fig. 3-5. Deposition 
occurs when target is in negative range, and substrate as well as chamber makes a 
very large electrode. The main difference RF sputtering from DC sputtering is the 
sputtering source. 
 
A high voltage is placed across the electrodes, which leads to a breakdown and the 
formation of a plasma. RF-powered discharge operates similar to DC-powered 
discharge. For frequencies below 50kHz, the polarity is reversed in each cycle 
during sputtering. During this period the electrons and ions in plasma are mobile, 
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and both follow the switching of the anode and cathode. Basically it means DC 
sputtering on both surfaces. However, when the frequency builds up above 50kHz, 
ions (heavy) can no longer follow the switching, and electrons can neutralize 
positive charges that build up. The electrons oscillations cause enough ionization 




Figure 3-5: Schematic diagram of RF sputtering 
 
In addition, the RF voltage can also be coupled through any kind of impedance, 
removing the restriction that the electrode becomes a conductor [31]. A typical RF 
frequency widely used in the industry is 13.56MHz, which is permitted by 
international communication authorities for technical purposes. When the RF 
discharge is ignited, both the electrodes get negatively charged alternatively by the 
electrons which are able to follow the rapidly changing electric field. Since the 
ions are too slow to compensate that charge during the next half cycle of the 
alternating field, both the electrodes acquire a constant negative charge which 








Figure 3-6: The range when deposition occurs during RF sputtering 
 
This type of sputtering is greatly used to deposit insulting film from dielectric 
materials. The advantages are keeping plasma going under these conditions during 
sputtering are it has better plasma confinement, able to operate at lower argon 
pressures (1-15mTorr), and it has fewer gas collisions which leads to sight-of-line 
deposition process. 
 
3.1.3 Magnetron Sputtering 
The sputtering rates for both DC and RF sputtering can further be enhanced by 
employing magnetron sputtering [32]. Magnetron sputtering is the most widely 
used method for the deposition of thin films for a large range of materials in 
various fields of application. The main features for using this method are the 
relative ease for scaling up to larger dimensions, the high deposition rate 
(allowing a high mass productivity), a good control of thickness, layer quality, 
uniformity and the wide variety of materials to be deposited. Increase ionization 
of argon is to have higher sputtering rates at a lower argon pressure that is less 
than 0.5mTorr. It is because of fewer gas collisions and this allows more lines of 




sight deposition. This is possible by increasing electron path length and using 
electric and magnetic fields, the probability of electron striking argon atoms will 
increase.  
 
The way magnetrons works is with a magnetic field, B, parallel to the target 
surface, of which forces electrons accelerated away from the target by the voltage 
gradient into circular orbits due to the Lorentz force, which is proportional to the 
electron energy and magnetic field and is orthogonal to both directions. Due to 
their much larger mass, ions are hardly affected. An electron loses some energy 
during its first orbit or it will return to the target. If it loses energy in collision, it 
cannot return but trapped by the magnetic field as it follows a series of orbits 
which decrease in radius as the electron loses energy in collisions which can 
produce ions. For every ion is formed, another electron is released and will also be 
accelerated and trapped if it is within the dark space. The vertical component of B 
prevents the electrons from the magnetic “tunnel” because of the Lorentz force on 
electrons moving outwards or inwards.  
 
Film thicknesses in magnetron sputter deposition typically range from a few 
nanometers up to micrometers. The material that is deposited depends on the 
starting material on the target and on the sputter gas that is used. A typical 
magnetron configuration is shown in Figure 3-7. In this method, a special design 
ring magnet of 200gauss is placed behind backing plate of sputtering target. 
During the sputter process its magnetic field is used to trap secondary electrons 
close to the target or cathode. The electrons follow helical paths around the 
magnetic field lines undergoing more ionizing collisions with neutral gaseous near 




the target. By the longer dwell time in the gas they cause a higher ionization 
probability and hence form a plasma ignition at pressures, which can be up to one 
hundred times smaller than for conventional sputtering. 
 
 
Figure 3-7: Crossed electric and magnetic fields magnetron configuration 
 
This enhances the ionization of the plasma near the target which leads to a higher 
sputter rate. A better magnetic field distribution using new magnets can give more 
sputtering uniformity over a wider erosion track, and allow sputtering operation at 
lower pressures [33]. Furthermore, there are fewer electrons reaching the substrate 
and thus, there is less heating occured. 
 
For magnetic materials to be sputtered, special approaches are required to 
maintain the trapping and plasma sustainability. Magnetic target shunts B field as 
normal magnet B is too low for magnetron, thus, it requires very strong magnets to 
increase B. Physically, the target has to be thin and also modify the crystalline 
structure in the target. This is to allow high B to occur and increase the “pass-
through” field in the target. During sputtering the target temperature is above 
Curie temperature to allow magnetron operation. The temperature may be too high 




which may affect the substrate to become very hot [34]. Therefore, special design 
cooling arrangement for the magnetic target is important. 
 
To sustain these processes in an accurately controlled way, it is important that all 
hardware components are tuned to one another. The electronics driving the sputter 
process should be adapted to the target material and process conditions in order to 
obtain the desired layer properties. The magnetron hardware should be working 
flawlessly together with the electronics to realize arc-free and long-term stable 
plasma conditions. 
 
3.2 Sputtering System 
 
Figure 3-8: Layout of the ULVAC sputtering system 
 




The disc samples were prepared using ULVAC Sputtering System. It is a multi-
chamber type sputtering system for optical disk, which can individually deposit 
multi-layers on one side of the substrate with diameter of 120mm and thickness of 
0.6mm. The overall layout of the system configuration is shown in Fig. 3-8. 
 
This system consists of transfer mechanisms that carry the substrate (positioning 
unit), loading / unloading chambers, transfer chamber and process chambers. The 
system is designed in a hexagonal transfer chamber structure that altogether has 
seven process chambers. It is equipped with interlock function for operation safety 
and there is separation valve mechanism for individual process chambers. An 
overall top view of the system layout can be seen from Fig. 3-9 which indicates 
the location of the DC cathode chambers and RF cathode chambers. 
 
 
Figure 3-9: Top view - ULVAC sputtering system 
 




The system is also equipped with positioning arms that load substrates into the 
transfer chamber or unload them from the chamber on the front side of the system. 
Furthermore, it has an automatic mask replacement mechanism on the left and 
right side of the system. Fig. 3-10 shows the side view of the machine from 
loading mechanism to process chamber, and as well as the position of the rotary 
pump and turbo molecular pump. 
 
 
Figure 3-10: Side view - ULVAC sputtering system 
 
The turbo pump for this system can achieve high pressure of 5.25x10
-7
Torr for 
transfer chamber and 2.25x10
-7
Torr for process chamber. Five of the chambers are 
DC magnetron sputtering cathode, while the other two chambers are RF type. 
Only a selected chamber that is used to sputter aluminum target has a DC 
sputtering power of 10kW, while rest of the chambers regardless DC or RF have 
sputtering power of 5kW. All sputtering cathodes come with revolving magnet 




which set to travel at the speed of 200rpm. This is to attain a better uniformity 
film thickness during deposition. The mass flow controller (MFC) of each 
chamber for argon gas, with a purity of 99.99%, can give a maximum flow rate of 
100sccm. The distance between the targets and the substrate is estimated around 
6cm. It has been optimized for uniform film thickness and high sputter rates. The 
substrate and the targets are water-cooled. A chiller keeps the water cooled at a 
temperature around 20 to 22 degree Celsius. There is a software interface to 
control the sputtering devices, set and preset sputtering parameters, and monitor 
the sensors for chamber pressures and sputtering process. 
 
3.3  Fabrication Procedures 
By adjusting certain sputter parameters, we can control different properties of the 
sputtered thin films. The most common parameter is to control the sputtering 
current. It determines the rate of the deposition process. Hence, it is the amount of 
time for particles growth process for either surface diffusion on existing growth 
centres or nucleation with other atoms. Another important parameter is the applied 
voltage. As it determines the maximum energy at which sputtered particles can 
escape from the target. Furthermore, it also determines the sputter yield, which is 
the number of sputtered particles per incoming ion.  
 
The pressure in the sputter chamber determines the mean free path for the 
sputtered material. Together with the target substrate distance, the pressure 
controls the number of collisions occurs for the particles on their way from the 
target to the substrate. This can influence the porosity of the films. The 
crystallinity and texture of the film need to take into consideration also. The 




substrate temperature can have a strong impact on the growth behaviour with 
respect to crystallinity or density of the samples. During sputtering without 
external heating, the substrate temperature may rise considerably, especially 
during long sputtering times for the deposition of thick films. The sputtering 
system is a direct sputtering where the substrate and target surface are parallel to 
each other. Thus, there is no variation of substrate tilting or target tilting. Distance 
between substrate and target surface is another parameter that can affect the 
uniformity of the film over a large substrate area.  
 
DC magnetron sputtering was used to deposit AgInSbTe, GeSbTe, AlNiGd, 
TbFeCo, and Ag films while RF sputtering was used to deposit ZnS(80%)-
SiO2(20%) from targets with the corresponding nominal chemical compositions. 
The purity of the targets used in this work was 99.99% except for ZnS-SiO2 which 
was 99.9%. 
 
The process began with the pressure of the chambers being pumped down less 
than 2x10
-5
Torr. There will be small amount of contamination or impurity lays on 
the target surface when exposed to atmosphere during the exchange of targets. 
Thus, all the targets were required to perform pre-sputtering for ten minutes 
before the actual sputtering commenced. Except for TbFeCo target, it has to be 
pre-sputtered for at least forty-five minutes due to high oxidization of Tb and Co 
materials in the target. The system was loaded with a clean 0.6mm thick planar 
polycarbonate substrate for the actual sputtering. The proposed MDML design 
sample structure of the different layers and materials onto the substrate is 
illustrated in Fig. 3-11. The sputtering sequence of the layers onto the substrate is 




as follows: Polycarbonate Substrate as the base, reflected layer, dielectric layer, 
magneto-optical layer, dielectric layer, phase-change layer, and dielectric layer. 
 
 
Figure 3-11: Example of MDML media design structure 
 
Dielectric layer is used to separate phase-change layer from magneto-optical layer, 
and as well as separate reflective layer from phase-change layer. It is to reduce 
interference and inter-diffusion between recording materials. The reflective layer 
is used to quench the heat during phase-change recording, and to enhance the 
overall optical readout signal. 
 
The mass flow controller for the argon gas operates from minimum of 5sccm to 
maximum of 90sccm. The sputtering flow rate varies for magneto-optical material 
as it affects the coercivity and squareness of Kerr loop. As for other materials, 
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3.4 Thin Film Measurement   
In order to measure and perform analysis on the sputtered thin film, the deposition 
rate of a certain type of material and its film uniformity that is performed in 
ULVAC system have to be measured using the appropriate measurement tools. 
Generally, the thickness of a sputtered thin film is within nano-scale range. To 
scan film thickness with very high resolution, the Atomic Force Microscope 
(AFM) is used. It has a resolution of fractions of a nanometer, more than 1000 
times better than the optical diffraction limit. The AFM is one of the foremost 
tools for imaging, measuring and manipulating matter at the nanoscale.  
 
 
Figure 3-12: Operation of Atomic Force Microscopy (AFM) 
 
The AFM consists of a microscale cantilever with a sharp tip (probe) at its end 
that is used to scan the specimen surface. Fig. 3-12 shows a schematic diagram of 




the operation of the AFM. The cantilever can be imagined as a spring, which can 
bend or deflect as the tip touches pronounced features on a surface. The tip scans 
the surface of a sample, thus the variations in heights are detected and the 
cantilever deflections is transformed into a 2-D image.  
 
The cantilever is typically a silicon or silicon nitride with a tip radius of curvature 
in the order of nanometers. When the tip is brought into proximity to a sample 
surface, there is a force occurs, and the sample leads to a deflection of the 
cantilever according to Hooke's law. Typically, the deflection is measured using a 
laser spot reflected from the top of the cantilever into an array of photodiodes. If 
the tip is scanned at a constant height, there will be a risk that the tip would collide 
with the surface, causing damage. Hence, in most cases a feedback mechanism is 
employed to adjust the tip-to-sample distance to maintain a constant oscillation 
amplitude between the tip and the sample. Traditionally, the sample is mounted on 
a piezoelectric tube that can move the sample in the z-axis direction for 
maintaining a constant force, and x and y directions for scanning the sample.  
 
Tapping mode scanning is employed onto the sample surface rather than contact 
mode scanning. It is because it has higher lateral resolution for most samples (1 to 
5 nm), resulting less damages to the soft samples due to lower forces, and lateral 
forces are thus virtually eliminated.  In this mode, the cantilever is externally 
oscillated or close to its resonance frequency. Typically, for faster scanning rate, 
higher resonance frequency of 300 kHz is used. The oscillation amplitude, phase 
and resonance frequency are modified by tip-sample interaction forces; these 




changes in oscillation with respect to the external reference oscillation provide 
information about the sample's characteristics. 
 
The thickness of a sputtered thin film is measured from the substrate to the tip of 
the thin film. Figure 3-13 shows an analysis example of the film thickness 
measurement from AFM.  
 
 
Figure 3-13: Measurement of film thickness using AFM 
 
Deposition rate for a sputter target material is calculated by averaging the film 
thickness over certain areas of the substrate. It is shown as the following equation 
 
Deposition Rate (nm/s) = [(TI + TM + TO)/3] / t ,   (5.1) 
 




where TI: is thickness in inner region, TM: thickness in middle region, TO: 
thickness in outer region, t: total sputtering time 
 
Thin film uniformity was calculated by subtracting the minimum from the 
maximum of film thickness over summation of the minimum and maximum of the 
film. Fig. 3-14 shows an example of a selected area on the film to analyze the film 
surface roughness using the AFM system. 
 
 
Figure 3-14: Measurement of film roughness using AFM 
 
3.5 Partial Crystallization System   
Modulation difference is calculated between the reflectivity of amorphous state 
and the reflectivity of crystalline state which was mentioned in section 2.1.5. 
Therefore, to perform crystallization on the amorphous disc sample, Optical Disk 
Initializer LK201B was used. This equipment allows crystallization process to be 




done on selected circular sectors of the disc sample using laser beam at high 
rotating speed. Furthermore, this tool is able to perform partial crystallization on 
the amorphous disc sample as different amounts of writing laser power can be 
programmed in the system. Therefore, this tool is important as the degree of 
crystallization done on the amorphous disc sample using different writing powers 
can affect the amount of reflectivity levels to be reached.  
 
In this system, it has a disk clamping system, which uses air suction to hold a 
diameter of 120mm substrate firmly. In addition, the substrate disk holder is able 
to turn on a powerful high-speed spindle motor that revolves at 500rpm to 
6000rpm and run on either Circular Angular Velocity (CAV) or Circular Linear 
Velocity (CLV) mode. The laser used for this system has a wavelength of 810nm, 
with a maximum output power of 1W and a laser beam size of 125μm. It has a 
dedicated CCD camera for monitoring laser spots used inside the optical head. 
Furthermore, it can monitor ripple waveforms that are displayed on the touch 
panel to facilitate good and bad judgments by level marker concerning the optical 
head. 
 
This is a very useful tool as it can crystallize an amorphous disc sample of any 
phase change material disc structure over a certain range of areas on the disc 
within micro-seconds. The reflectivity of amorphous and crystalline surfaces for 
different materials varies, but the common thing is that they are differentiable. The 
reflectivity contrast is mainly contributed by the refractive index and optical path 
thickness in different layers in the media structure.  




Besides using the MDML static tester to measure the reflectivity of the disc 
sample, a commercial tester known as ETAOPTIK Steag Optical Disc Analyzer 
(ETA-RT) was also used. It is a system specially developed for measuring the 
spectral reflectance(R), transmittance(T), and absorption(A). It has a wide 
wavelength range from 300nm to 3000nm. The measurement of reflectivity is 
applied for the whole stack of multilayer thin film structure disc sample and 
measurement is done in the same wavelength as the MDML static tester for 
consistency purpose.  
 
Varied percentage of crystallization on the disc sample was done by controlling 
the laser power and the writing speed from the Optical Disc Initializer. In this 
process, the writing power increases continuously until the reflectivity reaches 
saturation. Further increase in the writing power will cause the materials in the 
disc structure to burn off due to overheating. From this the optimized writing 
power for that disc sample structure can be determined and can be used to 
calculate the modulation difference. 
 






Development of Multi-Dimensional Multi-Level Static Tester 
It is important that there is a method to test the fundamental concept and basic 
performance of the recording materials structure thin films that have optical and 
magneto-optical properties. In this chapter, the design and development of the 
multi-dimensional multi-level (MDML) static tester will be discussed. The 
important criteria for the tester are to detect the change in polarization and 
reflectivity, and as well as their sensitivity changes in both of them. The computer 
interface for experimental testing must be user-friendly. The complexity of the 
tester design should not be complicated, and the optical and mechanical 
components used to develop this tester must be cost effective.  
 
4.1 Different Types of Tester Setup 
 
Figure 4-1: Change in polarization light angle due to Kerr effect  










To detected larger Kerr angle signal as discussed in chapter 2, the magnetization 
field and detection of laser light are parallel to one another but both are 
perpendicular to the media disc sample. Thus, it should be Polar orientation which 
is shown in Fig. 4-1. To detect small rotations of linearly polarized light due to 
Kerr effect is to place a polarizer or analyzer in the path of the reflected beam 
from the sample in the tester. The photo-detector needs to be sensitive to 
ellipticity changes or total intensity variations as well as depolarization effects. In 
order to distinguish these different effects and to get better signal-to-noise ratio, 
more subtle techniques are employed. These techniques are intensity modulation, 
photoelastic modulation, and differential detection. 
 
4.1.1 Intensity Modulation 
 
Figure 4-2: Schematic diagram of intensity modulation setup 
 
To detect Kerr rotation effect from the sample by intensity modulation method, 














and using lock-in technique for detection, stray light from other sources is 
eliminated. This results in enhancement of signal-to-noise ratio. Although change 
in ellipticity and rotations of polarization cannot be determined separately in this 
method, the detector signal can be approximately assumed to be proportional to 
the magnetization of the sample since both rotation and ellipticity are proportional 
to magnetic field direction in vector M.  
 
4.1.2 Photoelastic Modulation 
 
Figure 4-3: Schematic diagram of photoelastic modulation layout 
 
The general setup for photoelastic modulation technique is shown in Fig. 4-3. The 
polarized light is modulated with the help of a lock-in amplifier to allow the 
separation of rotation and ellipticity. In most applications, a photoelastic 
modulator (PEM) is used for modulating the polarization between linearly and 




















that the modulation axis is along the y-axis, and the polarizer is set to an angle of 
45°. This insures that linearly polarized light will be incident upon the PEM at an 
angle of 45° with the modulation axis. Light that passes through the PEM will 
receive a periodically changing retardation, it is defined by 
 
δ = δ0 sin 2π ft  ,    (4.1) 
 
where δ0 is the retardation amplitude, f modulation frequency of PEM which is 
about 50kHz, and t time. The PEM controller must be set to the proper wavelength 
and retardation of l/4 wave in order to produce the alternating procession between 
right-handed and left-handed circularly polarized light. The intensity of the light 
can be determined by the following equation 
 
I = Io [1 + 2(θkcosδ – εksinδ)]  ,  (4.2) 
 
where Io is related to the intensity of the source, δ the phase of PEM, θk the 
complex Kerr rotation, and εk the Kerr ellipticity. The detected signal is sent to 
two measuring devices. One of the signals is sent to a DC voltmeter to record the 
DC component of the modulated light reflection. The other signal is sent to a lock-
in amplifier for AC components measurement. The lock-in system requires a 
reference signal at the same frequency as the light modulation. The PEM supplies 
a frequency reference signal which is connected to the lock-in reference input 
using first harmonic. The analyzer set the angle to 0° greatly simplifies the 
mathematical relationship between the intensity ratios measured and the magneto-
optical parameters. 





4.1.3 Differential Detection 
 
Figure 4-4: Schematic diagram of differential detection layout 
 
Figure 4-4 illustrates the Differential Detection method that uses a Wollaston 
prism to make the light analyzes by decomposed polarized light into two 
orthogonal linear-polarization components [35]. The intensities of both 
components, I1 and I2, are measured with photo-detectors. These signals are used 
to measure the normalized difference signal which is defined as [8] 
 
S = (I1 − I2) / (I1 + I2)  ,   (4.3) 
 
It is proportional to the rotation of polarization with respect to the axes of the 
prism. The advantage of this method is cost effective as it does not require the 
lock-in system and photoelastic modulator (PEM). Furthermore, to compare 
differential detection method with intensity-modulation technique, the polarized 
rotation can be determined quantitatively, and intensity fluctuations of the light 
















of polarization and ellipticity are unable to be distinguished through the detectors 
easily.  
 
4.2 Tester Components 
To have a simple and cost effective tester, differential detection method is 
employed to develop the MDML static tester. A thermoelectric temperature laser 
system with mounted laser diode was used. The laser diode emits 658nm 
wavelength of beam, and has a maximum continuous output power of 60mW. It 
has a threshold current of 35mA, and has an operational temperature ranging from 
-10°C to 70°C. A collimating lens is attached to the laser diode so as to make the 
laser diode generate a parallel beam of 1mm in diameter of light. The output 
lasing of the laser diode has a current controller that contains PID precision 
control. It is essential to have good stability in the illumination intensity. It can 
drive current up to 200mA. The laser diode will get hot for long period of light 
emission time. Thus, it can cause output lasing to be fluctuating due to changing 
of temperature in the laser diode. For a better control and stability of lasing, a low 
noise thermoelectric cooler temperature controller is connected to it. It has 
temperature stability function that is able to contain the temperature change less 
than 0.02°C. It is important to have an excellent current and temperature controller, 
so as to achieve high performance, high efficiency, and high stability lasing output 
of the laser diode. 
 
The laser beam from the laser diode was made 45° linearly polarized by a 
polarizer. This is to enhance the sensitivity of the differential percentage when 
there is a change in polarizing angle detected by the photo-detectors. A non-





polarized beam splitter (BS) with a reflectance of 50% was used to divert reflected 
beam from the disc sample away from the incidence beam. Wollaston Prism was a 
polarized beam splitter which was used to split ordinary ray (s) from extraordinary 
ray (p) with optical axes perpendicular to each other and perpendicular to the 
direction of propagation of incidence light. Both beams were deviated at an angle 
of 20° with respect to horizontal and propagation axis.  
 
Two photo-detectors were connected to a high resolution and high sensitivity 
Dual-channel Power Meter. They have a responsivity of >0.1A/W and an 
accuracy reading of ±2%. These photo-detectors were used to detect light intensity 




Figure 4-5: Magnetic field strength over a period of time for the  























A water-cooled electromagnet was used to magnetize the disc samples. The 
maximum magnetic field strength is about 1.2Tesla. The electromagnet was 
controlled through a programmable controller that is programmed to generate the 
magnetic field from -1.2Tesla to +1.2Tesla in a periodic manner at a certain speed. 
The magnetization speed of the system is adjustable. The electromagnet was 
programmed to operate the magnetic field in a periodic way for the MDML static 
testing is shown in Fig. 4.5. 
 
A wooden sample holder, which is immune to magnetic field, was used to hold the 
disc sample firmly for testing. It was positioned at the centre of the electromagnet. 
A vacuum-pumped rubber sucker was attached to the wooden sample holder. A 
sensor, which is linked to a gauss meter, was used to monitor the magnetic field 
strength of the electromagnet. It was positioned at the centre of the electromagnet. 
A computer was used to perform data acquisition for gauss meter and dual-
channel power meter. Gauss meter was connected through a RS-232 serial port. 
The power meter, was connected through GPIB, was linked to two photo-
detectors. During measurement, the data were acquired at a rate of 10 samples per 
second. These data acquisition was computed using LABVIEW software. It was 
used to monitor and process raw data, perform user interface control, perform 
real-time plotting, and save the results. The software was used to generate 
Hyteresis Kerr Loop, display maximum and minimize Kerr signal values, and 
display readout reflectivity intensity value in microwatts. These data were 
automatically saved in the excel file format. 
 
 





4.3 Optical Path Setup  
Fig. 4-6 shows the general idea of the optical path layout for the static tester and 




Figure 4-6: Schematic optical path layout for the MDML static tester 
 
Since this tester system uses differential detection method which is based on small 
change in two orthogonal linear-polarization components of light, all optical 
components as well as the laser diode must be placed on a stabilized optical table 
with good suspension. All the optical components must be leveled with respect to 
the lasing from the laser diode.  
 
The amount of light that was detected at the photo-detectors should not be less 
than 5µW. Such low optical signal can be easily interfered by stray light and 
caused inaccuracy reading to the detectors. Thus, the reflected beam, which was 
indicated in red arrow, should be high enough, preferably above 20µW. The 
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presence of beam splitter (BS) caused 50% optical power loss to the reflected 
beam from the media which was placed at the electromagnet. The thickness of the 
thin films and the optical materials characteristics will affect the amount of light 
to be reflected from the incidence beam which was indicated in green arrow. The 
required amount of light to illuminate the media has to be higher enough for the 
beam was not a focus beam and the beam spot was 1mm in diameter. Therefore, 
the minimum amount of beam needs to illuminates the media for experimental 
measurements has to be 1mW. It is to cater for beam loss due to film absorption, 
scattering of light from optical components, and beam splitter.  
 
The beam indicates in black arrow is reflected through the beam splitter shows 
there was a 50% beam loss from the incident beam indicated in blue arrow. As for 
the incidence beam, there will be the other 50% loss of beam power due to the 
polarizer. This was due to the position of the polarizer at an angle of 45° from the 
reference axis of the laser diode which was linearly polarized normal to the 
horizontal plane. Because of these factors, the laser diode has to be operated at the 
range from 40mA to 45mA which gives output beam power from 3mW to 5mW. 
 






Figure 4-7: Right side view of the MDML static tester setup 
 
 






























Figures 4-7 and 4-8 show the actual experimental setup of the tester in right side 
view and left side view, respectively. In Fig. 4-7, there is an aperture for the laser 
beam to enter through one side of the electromagnet to illuminate the disc sample 
for testing. Thus, this setup satisfies the polar orientation as the magnetization 
vector is perpendicular to the plane of sample surface. The collimating lens was 
mounted onto the laser diode holder and pre-adjusted to collimate the laser beam. 
Then, three pinholes were used to block off stray unwanted reflected beams. 
 
4.4 Calibration 
Before performing the testing for disc samples, proper calibration has to be carried 
out. The operating temperature for laser diode was set at 20°C and it has to be 
stabilized using the temperature controller for at least 10 minutes. After which the 
laser diode was powered up gradually to the operation current range, and allowing 
the output lasing to stabilize for at least another 10 minutes. This was to obtain a 
stable output lasing with minimum fluctuation for testing.  
 
Next, the rotational angle of the polarizer was adjusted to an angle of 45° 
perpendicular to the ground. The purpose was to have a linearly 45° polarized 
beam to be illuminated onto the media. Optimization of the polarizer was done by 
adjusting the rotation of the polarizer to achieve same intensity for both photo-
detectors. Thus, this calibration work was important as improper photo-detectors 
readings can result in inaccuracy in the experimental results. Therefore, fine 
tuning of the polarizer was very critical.  
 






Figure 4-9: Calibration for the polarizer in MDML tester 
 
Fig. 4-9 shows the optical layout for this calibration. A 99.9% reflectivity mirror 
was placed after the beam splitter. It was used to divert the beam to the Wollaston 
Prism. Both photo-detectors A and B have to be set at the wavelength of 658nm 
through the dual-channel meter. The split beam that illuminates onto the photo-
detectors from the Wollaston Prism has to be centered. Once the polarizer was 
calibrated, the optical setup reverts back to the optical layout which is shown in 
Fig. 4-6. 
 
4.5 User Interface 
To have an exquisite control of the devices and precise data acquisition to be 
carried out during measurement are very important. LABVIEW was used in this 
tester, and the overall software programming design for the MDML static tester 
can be referred to Appendix A. The user interface for this static tester is shown in 
Fig. 4-10.  
 














Figure 4-10: MDML tester user software interface at the initial stage 
 
The acquired data and processed data are shown in the region highlighted in red. 
The displayed values for both photo-detectors that are indicated as “Detector (A)” 
and “Detector (B)” are in microwatts. The summation of both these values is the 
total reflected power before the light went through the Wollaston Prism. This 
value is displayed under “Sum”. The difference in power for both photo-detectors 
is displayed under “Difference”. To calculate Kerr Rotation Angle which relates 
to equation (4.3) is [8][9]. 
 
θk = ½ [tan
-1
 (A-B)/(A+B)]  ,  (4.4) 
 
This value of rotation Kerr angle is displayed under “Kerr Angle (degree)”. The 
value of electromagnetic field strength will be shown under “Gauss (Gs)”. For 
10000Gauss is equivalent to 1Tesla. These values are acquired at a rate of 10 
samples per second. 





The “Kerr Angle vs Gauss” graph has the x-axis runs in a cycle that is shown in 
Fig. 4-5. With every point that is collected, Kerr Loop graph is plotted. From the 
plotted graph, coercivity, magnetization retentivity, and squareness of the loop can 
be determined. When there is a change in light polarization due to the presence of 
a magnetic field on the surface of the sample, there will be certain value of Kerr 
angle θk. This can be noted having the value of “A” not equal to the value of “B”. 
The “STOP” button is used to terminate data acquisition and data processing. 
 
4.6 Functionality Test On The Tester 
A functionality test was carried out on the developed MDML static tester. The 
tester must be correctly calibrated which was described in the previous section 
before the actual experiment test is carried out. To verify the tester, a sample, with 
magneto-optical material layer at the top and silver layer at the bottom of the 
structure stack to enhance the reflectivity power, was fabricated from ULVAC 
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Figure 4-12: Graph of hysteresis Kerr loop formed from the disc structure for 
functional test on the MDML static tester 
 
Gauss (Gs) A (uW) B (uW) Kerr angle (degree) Reflectivity (uW) 
117 21.65 18.427 -0.7655 40.077 
2177 21.68 18.433 -0.7505 40.113 
5608 24.146 18.427 0.7605 42.573 
8547 24.186 18.453 0.7645 42.639 
11505 24.197 18.464 0.7625 42.661 
8365 24.186 18.433 0.7795 42.619 
5260 24.191 18.438 0.7785 42.629 
1922 24.191 18.443 0.7745 42.634 
39 24.186 18.459 0.7595 42.645 
-45 24.186 18.459 0.7595 42.645 
-2237 24.181 18.469 0.7495 42.65 
-5415 21.68 18.464 -0.7745 40.144 
-8585 21.696 18.479 -0.7755 40.175 
-11472 21.686 18.474 -0.7785 40.16 
-8446 21.645 18.448 -0.7845 40.093 
-5399 21.625 18.433 -0.7865 40.058 
-2388 21.63 18.422 -0.7745 40.052 
-69 21.675 18.443 -0.7615 40.118 
Table 4-1: Summarized results for the functional test 
 





The full test result is shown in Appendix B-1, and a summarized table of data 
extracted from Appendix B-1 is shown in Table 4-1. In the table, it shows the 
magnetic field strength; optical power from Detector A; optical power from 
Detector B; calculated Kerr angles from A and B; and its total reflected optical 
power which was the sum of A and B. Figure 4-12 shows the plotted graph from 
the outcome results. The calculation of the Kerr angle was from equation (4.4) 
from section 4.5. From the figure, the total degree of Kerr angle which was taken 
from the maximum to the minimum is about 1.55°, and this fabricated structure 
exhibits perpendicular magnetic anisotropy under those process parameters.  
 
From the acquired results, both optical detectors and gauss meter were working 
properly. Observing from the graph, the response time for the data points to be 
captured at the point of coercivity whereby magnetic domains began to flip when 
reverse magnetization force was applied fast enough. Even the electromagnet was 
allowed to run the magnetization cycle repeatedly for a number of times, the data 
acquired and the plotted Kerr Loop were consistence.  





Experimental Results & Discussion 
In this chapter, optical and magneto-optical properties of the MDML thin film in 
the disc structure were studied. Reflectivity of the disc samples in amorphous and 
crystalline state were measured using the developed and calibrated MDML static 
tester. Thus, the reflectivity from different states was used to calculate its 
modulation difference. Furthermore from the tester, the acquired real-time data 
from two photo-detectors were saved and used to plot Kerr Loop graph to 
determine polarization angle and its coercivity. Different experiments were carried 
out using the MDML static tester for certain parameters changed in the MDML 
disc structure, and basic research was investigated on recording material on its 
properties. 
 
5.1 MDML Disc Structure – No Phase Change Layer  
The performance of the magneto-optical structure disc which was previously 
described in section 4-6 was further investigated. It was to investigate the change 
of magneto-optical properties when certain sputtering parameters varied. In this 
experiment, all the sputtering parameters remained unchanged, which include 
material structures, film thickness, and sputtering power, except the sputtering 
argon flow rate for TbFeCo layer varied. The diagram in Fig. 5-1 shows the disc 
sample structure. Samples at different argon flow rates of 10sccm, 20sccm, 
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Figure 5-1:  Design for different argon flow rates for TbFeCo disc structures 
 
The test data for 10sccm, 40sccm, 60sccm, and 75sccm samples were listed in 
Appendix B-2, B-3, B-4, and B-5, respectively. These data were further plotted in 
the graph of Kerr angle (degree) vs Magnetic field strength (Gs) which is shown 
in Fig. 5-2. This figure indicates the dependence of hysteresis loop shape, Kerr 
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For argon flow rates of 10sccm, 20sccm, and 40sccm, their hysteresis loops 
maintain perfect squareness of more than 90%, though a small kink was observed 
at very small applied fields. Coercivity is the magnetic field whereby Kerr angle 
began to reverse and cut at zero degree. This can be observed from the graph. For 
10sccm sample, it shows coercivity around 1500Gs; 20sccm around 3000Gs; and 
40sccm around 4500Gs. Its coercivity increased linearly. From the graph, the 
sample with 40sccm not only has the largest coercivity, it is observed to obtain the 
largest Kerr rotation angle of 1.75° as well. As compared with the samples with 
the flow rates of 10sccm and 20sccm, its Kerr rotation angle was slightly higher. 
Furthermore, the squareness of the Kerr Loop is relatively high which is above 
90% and the retentivity is excellent.  
 
As argon flow rate increased further to 60sccm, even though the saturation 
magnetized Kerr angle is 0.4825°, it dropped to 0.26° when retention. Thus it had 
a squareness ratio of 53.8% which was calculated using equation (2.17) described 
in section 2.2.6. Comparing this sample with the previous samples, the Kerr angle 
has reduced by 70%. The quality of its magneto-optical properties for this sample 
began to drop. For the last sample as argon flow rate increased to 75sccm, from 
the graph its Kerr loop window has close up and shows no coercivity even though 
it has a saturation magnetization of 0.5°. This means that there is no retention of 
magnetic dipole when the magnetic field was removed. Thus, this experiment 
shows that lower argon flow rate TbFeCo films exhibited perpendicular magnetic 
anisotropy. Towards higher argon flow rate, TbFeCo film transited to in-plane 
magnetic anisotropy.  
 




In Table 5-1, whereby the data were extracted from Appendix B, it displays the 
relationship of reflected power changed for different argon flow rate disc samples 
that were fabricated. There is about 5% reflected power different between the 
sample magnetized to the fullest in positive and negative directions. It is due to 
the movement of the dipoles in the material when magnetized. As long as the 
percentage of change is small, it is acceptable. Comparing all the samples, it 
shows that the reflected power decreased linearly as the sample flow rate 
increased. Such change occurs probably due to the change in the grain 
crystallography and orientation in the sputtered film that were caused by different 
argon flow rates which in term affect the refractive index. Thus, it caused a 
change in reflectivity.  
 
Table 5-1: Reflectivity for different flow rate TbFeCo samples 
Flow Rate (sccm) 
Sample 
Reflected Power (μW) 
At -11000Gs position 
Reflected Power (μW) 
At +11000Gs position 
10 42.68 40.12 
20 40.88 38.54 
40 36.96 34.65 
60 34.56 33.17 
75 31.18 29.74 
 
5.2 MDML Disc Structure – AgInSbTe 
To investigate the possibility of having polarization angle change and reflectivity 
change that can occur together in a MDML disc structure, TbFeCo with 
AgInSbTe in-cooperated disc structure type was fabricated to carry out the test 
using the MDML static tester. The magneto-optical sample with 20sccm flow rate 
from the previous experiment has shown positive results. The design of such disc 
structure and its sputtering parameters are shown in Fig. 5-3.  
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Figure 5-3: Design for MDML disc structure – AgInSbTe 
 
To find out whether there is a change in Kerr angle effect when the film was 
crystallized, an experiment test using two similar disc samples with the same 
sputtering parameters were prepared. One disc sample remains as-deposited in 
amorphous state, while the other disc sample was fully crystallized using the 
Optical Disk Initializer which has been described in section 3-4. It was optimized 
at a writing laser power of 650mW and a writing speed of 6m/sec. Both disc 
samples which are shown in Fig. 5-4 were tested using the MDML static tester 






















From Fig. 5-4, the dull brown region is the as-deposited amorphous region, while 
the bright light brown region is the crystalline region. The area to be tested using 
MDML static tester will be in the inner band region for both samples. MDML 
static tester at a laser spot size of 1mm diameter and 1mW laser power was used 
to illuminate both disc samples for testing. Both disc samples were sent for 
magnetization in the same direction before crystallization process was done on a 
region for one of the samples. This is to avoid any discrepancy between the 
crystalline disc sample and the amorphous disc sample. The acquired amorphous 
and crystalline data are summarized in Tables 5-2 and 5-3, respectively. The 
amorphous disc sample shows an overall reflectivity ranging from 37.8μW to 
38.2μW, while the amorphous disc with crystalline band region has a reflected 
power ranging from 42.5μW to 43.1μW.   
 
Table 5-2: Summary of the amorphous disc sample – AgInSbTe 
Amorphous 
Gauss (Gs) A (uW) B (uW) Kerr angle (°) Reflected power (uW) 
-3 22.122 15.709 -0.014 37.831 
-2118 22.335 15.855 -0.01 38.19 
-5675 22.254 15.803 -0.015 38.057 
-8012 22.34 15.84 0.006 38.18 
-11160 22.173 15.735 -0.006 37.908 
-8196 22.244 15.772 0.006 38.016 
-5234 22.264 15.777 0.014 38.041 
-2034 22.264 15.777 0.014 38.041 
-40 22.294 15.798 0.014 38.092 
44 22.152 15.704 0.008 37.856 
2445 22.091 15.652 0.016 37.743 
5763 22.167 15.704 0.017 37.871 
8076 22.208 15.756 -0.002 37.964 
11175 22.274 15.793 0.006 38.067 
8092 22.203 15.756 -0.005 37.959 
5361 22.218 15.772 -0.01 37.99 
1883 22.183 15.746 -0.009 37.929 
110 22.107 15.694 -0.011 37.801 
 




Table 5-3: Summary of the crystalline disc sample – AgInSbTe 
Crystalline 
Gauss (Gs) A (uW) B (uW) Kerr angle (°) Reflected power (uW) 
-39 25.252 17.564 0.023 42.816 
-2112 25.282 17.59 0.019 42.872 
-5693 25.17 17.517 0.015 42.687 
-8064 25.236 17.569 0.01 42.805 
-11250 25.054 17.512 -0.043 42.566 
-7902 25.069 17.502 -0.027 42.571 
-5311 25.099 17.517 -0.023 42.616 
-2085 25.049 17.481 -0.022 42.53 
-34 25.089 17.507 -0.021 42.596 
9 25.165 17.559 -0.02 42.724 
2212 25.292 17.642 -0.016 42.934 
5548 25.236 17.601 -0.014 42.837 
8360 25.165 17.548 -0.011 42.713 
11237 25.48 17.7 0.04 43.18 
8346 25.368 17.642 0.025 43.01 
5158 25.272 17.585 0.017 42.857 
1933 25.373 17.653 0.019 43.026 




Figure 5-5: Graph of Kerr Loop for amorphous and crystalline regions 
in MDML-AgInSbTe structure 




To calculate the percentage modulation, it was described from equation (2.13) in 
section 2-1-5. Thus, from Tables 5-2 and 5-3, it gives an average modulation of 
11.63%. The results are further plotted in Fig. 6-5 to show Kerr angle, Kerr loop, 
and its coercivity. Kerr angle is calculated from the data collected from both 
Detector A and Detector B, and the Kerr loop is plotted over the whole magnetic 
field spectrum from -11000Gs to +11000Gs for changed in Kerr angle by the disc 
samples.   
 
It is observed from the graph that the Kerr angle for both discs is about 0.04° 
which is very small. The coercivity for the amorphous disc is 7000Oe while the 
crystalline disc is 10000Gs. Even though there is retentivity, the opening of Kerr 
loop window is extremely narrow. Thus, this may lead to indifferentiable in the 
readout Kerr angle signal. In addition, the modulation difference is not high 
enough. Hence, the overall performance of the disc structure may not be suitable 
enough for recording purposes. 
 
5.3 MDML Disc Structure - AlNiGd 
From the results generated by MDML static tester discussed in section 5-2, it was 
revealed that the overall performance of the fabricated MDML disc sample using 
TbFeCo layer with AgInSbTe layer was poor. To improve the modulation 
difference; Kerr angle; and signal stability, another type of phase-change 
recording material called metallic phase-change material (Al90Ni3Gd7) is proposed 
to replace AgInSbTe material. AINiGd reported to have better equilibrium and 
higher crystalline phases density, and it has better nanocomposite crystal structure 
[36] than that of AgInSbTe. The design of the disc structure which includes the 




sputtering parameters and film thickness of each element are shown in Fig. 5-6. 
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Figure 5-6: Design for MDML disc structure - AlNiGd 
 
As usual, two similar disc samples of the same sputtering parameters were 
fabricated. The purpose is to perform testing at amorphous state in one disc, while 
the other disc the testing is performed at crystalline state. To crystallize this type 
of disc structure, a higher heating laser power of 600mW with a writing rotation 
speed of 3m/sec was used from the Optical Disc Initializer. Even though the disc 
structure thickness is the same; for this AlNiGd material [36], the required heating 
laser power to crystalline the disc is much higher as compared to AgInSbTe 
material which used 650mW at 6m/s rotation writing speed that was discussed in 
section 5-2. The same laser power of 1mW from MDML static tester was used to 
illuminate both disc samples. Table 5-4 shows the summarized results for 
amorphous MDML-AlNiGd sample, while Table 5-5 shows the crystalline 
MDML-AlNiGd sample. A plotted Kerr loop graph for both amorphous and 













Figure 5-7: Graph of Kerr Loop for amorphous and crystalline regions  
in MDML-AlNiGd structure 
 
 
Table 5-4: Summary of the amorphous disc sample - AlNiGd 
Amorphous 
Gauss (Gs) A (uW) B (uW) Kerr angle (°) Reflected power (uW) 
33 21.645 17.698 -0.1435 39.343 
2096 21.792 17.74 -0.0815 39.532 
5535 22.233 17.813 0.1415 40.046 
8469 22.259 17.833 0.1425 40.092 
11500 22.238 17.823 0.1375 40.061 
8465 22.274 17.833 0.1515 40.107 
5424 22.269 17.823 0.1565 40.092 
2417 22.249 17.813 0.1515 40.062 
63 22.284 17.839 0.1535 40.123 
-33 22.284 17.839 0.1535 40.123 
-2154 22.203 17.813 0.1225 40.016 
-5320 21.706 17.74 -0.1365 39.446 
-8283 21.726 17.755 -0.1355 39.481 
-11495 21.731 17.75 -0.1285 39.481 
-8369 21.691 17.729 -0.1375 39.42 
-5280 21.701 17.74 -0.1405 39.441 
-2261 21.67 17.719 -0.1435 39.389 
-119 21.655 17.703 -0.1405 39.358 




Table 5-5: Summary of the crystalline disc sample - AlNiGd 
Crystalline 
Gauss (Gs) A (uW) B (uW) Kerr angle (°) Reflected power (uW) 
30 25.394 20.84 -0.173 46.234 
2231 26.17 20.933 0.186 47.103 
5416 26.205 20.933 0.205 47.138 
8386 26.226 20.949 0.205 47.175 
11516 26.185 20.928 0.197 47.113 
8331 26.241 20.954 0.21 47.195 
5207 26.17 20.902 0.207 47.072 
2168 26.19 20.928 0.2 47.118 
43 26.185 20.944 0.187 47.129 
-33 26.185 20.944 0.187 47.129 
-2566 25.384 20.855 -0.189 46.239 
-5490 25.348 20.84 -0.199 46.188 
-8654 25.384 20.866 -0.196 46.25 
-11506 25.429 20.892 -0.189 46.321 
-8264 25.368 20.866 -0.205 46.234 
-5399 25.323 20.829 -0.205 46.152 
-2389 25.328 20.824 -0.199 46.152 
-129 25.384 20.834 -0.175 46.218 
 
 
For the amorphous disc, the reflected power is kept in the range from 39.3μW to 
40.1μW. Its Kerr angle is around 0.28° and its coercivity of 2500Gs. For the 
crystalline disc, the reflected power is kept in the range from 46.1μW to 47.1μW. 
Its Kerr angle is around 0.38° and coercivity is 2000Gs. The average modulation 
between the amorphous to crystalline is about 16%. By observing the graph, there 
is not much difference in Kerr angle and coercivity between crystalline and 
amorphous disc samples. For the crystallized disc, there is no sign of Kerr angle 
flipped or randomization. Moreover, the plotting of the Kerr loop for the 
crystalline disc sample contained the same direction as the amorphous disc sample. 
From these, it has shown that the Kerr angle and coercivity are stable even as 
phase change has occurred. When comparing AlNiGd disc type structure to 
AgInSbTe disc type structure, the size of the Kerr loop window has increased by 




ten times and the retention of the Kerr angle after magnetization was far more 
stable and having perpendicular anisotropy. From the results, it can be seen that to 
fabricated MDML disc structure AlNiGd material holds greater potential than 
AgInSbTe material. 
 
5.3.1 MDML Disc Structure – AlNiGd without TbFeCo layer 
In this experiment, a sample of AlNiGd disc structure without TbFeCo layer was 
fabricated. This was to confirm the contribution of AlNiGd film reflectivity due to 
phase change through rapid laser heating and does not interfere with change in 
Kerr angle and coercivity due to magnetic field. The sputtering parameters and 
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Figure 5-8: Design for a MDML-AlNiGd structure without TbFeCo layer 
 
The full spectrum of data is plotted in Fig. 5-9, and a summarized result is shown 
on Table 5-6. The amount of reflected power is from 42.06μW to 42.26μW. There 
is a difference in the reflectivity comparing the amorphous disc sample in section 
5-3. This is understandable as the overall structure thickness has changed and the 
overall refractive index will change as there is no magneto-optical (TbFeCo) layer 
in the disc structure. From the figure, it shows that there is minimum change in 



































Figure 5-9: Graph of Kerr Loop for MDML-AlNiGd structure  
without TbFeCo layer 
 
 
Table 5-6: Extract data for AlNiGd without TbFeCo structure 
Amorphous 
Gauss (Gs) A (uW) B (uW) Kerr angle (°) Reflected power (uW) 
129 22.964 19.105 -0.0145 42.069 
2031 22.964 19.105 -0.0145 42.069 
5439 22.974 19.115 -0.0165 42.089 
8582 22.964 19.11 -0.0185 42.074 
11448 23.004 19.146 -0.0205 42.15 
8390 23.01 19.136 -0.0095 42.146 
5351 22.984 19.11 -0.0065 42.094 
2049 22.979 19.105 -0.0055 42.084 
40 23.01 19.125 -0.0015 42.135 
-29 22.999 19.115 -0.0005 42.114 
-2076 22.999 19.11 0.0025 42.109 
-5484 23.055 19.152 0.0065 42.207 
-8391 23.03 19.125 0.0105 42.155 
-11433 23.091 19.172 0.0135 42.263 
-8299 23.03 19.141 -0.0015 42.171 
-5220 23.01 19.12 0.0025 42.13 
-2216 22.994 19.115 -0.0035 42.109 
-55 22.999 19.125 -0.0085 42.124 
 




However, there is no sign of Kerr angle retention when the sample is magnetized 
at any direction. The Kerr angle is always back to zero after the magnetic field is 
removed. Thus, there is no coercivity. This means that AlNiGd has almost no 
effect on polarization rotation and no significance contribution to Kerr angle 
retention when the magnetic field is applied to the disc sample. 
 
5.3.2 Partial Crystallization To Obtain Multi-Level Reflectivity 
To have multi-level reflectivity, it can be obtained by performing partial 
crystallization on the phase change material in the disc sample. Partial 
crystallization means to have the sample turning from amorphous state to 
crystallize state of certain percentage. To examine whether the MDML-AlNiGd 
disc structure is suitable for this purpose; for consistency in testing, the fabricated 
disc sample must follow the same parameters in section 5-3. The disc sample was 
partial crystallized using the Optical Disc Initializer, and the result is shown in Fig. 
5-10. When the disc sample was as-deposited from the ULVAC sputtering system, 
the whole disc was of amorphous state and it is dull dark brown in colour. It is 
shown in the most inner band of the disc sample from Fig. 5-10. The disc sample 
was partial crystallized using different laser power levels from the Optical Disc 
Initializer. 
 
The power level began from 400mW to 1000mW with the same writing rotational 
speed of 3m/sec. Every increment step for each band was 100mW. It was only 
after 500mW of laser power then visible slight colour change occurred. Colour 
change was mainly due to the change in the molecular structure in the phase 
change material through crystallization that causes refractive index to change. 




Every band of the disc sample represents each power level that was used for 
crystallization. From the figure, the colour change to bright shining light brown at 
the outer bands. At the most outer band of the disc sample, certain portion of the 














Figure 5-10: MDML disc sample containing partial crystallization 
 
After which the disc sample was tested using the MDML static tester. To be 
consistent with previous experiment testing for the testing of disc sample on the 
MDML static tester, 1mW of laser power was also used to illuminate onto the disc 
sample. The reflected power for each band was detected and the reflected power is 













each band from the MDML static tester. The trend of partial crystallization based 
























Peel Off 950 - 
Figure 5-11: Trend of reflectivity for partial crystallization 
 
From the graph, it shows there is a gradual increase of reflected power when there 
was an increase in applying laser power. At the amorphous level, the reflected 
power is about 39.23μW. The maximum reflected power is around 47.15μW when 
800mW of writing power was applied. As the writing power increases to 900mW, 
the reflectivity drops to 43.91μW. This is mainly due to the high amount of heat 
from the laser causing the phase-change material to degrade. Further increase the 
writing power to 950mW caused certain portion of the film on the band to peel off 
due to excessive amount of heat applied by the laser.  
 
From this experiment, it shows that this MDML structure has five reflectivity 
levels. Thus, this type of MDML disc structure is suitable to perform multi-level 



























5.3.3 Change In Thickness For Magneto-Optical Layer 
For magneto-optical recording material, there is a minimum amount of thickness 
for the performance to be stable and acceptable. A thick recording film is not cost 
effective. However, too thin a film may become unstable in its properties. In this 
experiment, a few disc samples with different magneto-optical layer thickness 
while keeping other sputtering parameters constant were fabricated. Previous 
experiment in section 5-3, the TbFeCo layer was kept at 30nm. In this experiment, 
different samples with the thickness of 20nm, 15nm and 10nm were fabricated. 
The data for each disc sample is summarized in Table 5-7, and the full results for 
all samples are plotted and shown in Fig. 5-12. Changes in reflected power, Kerr 
Loop and Kerr angle were observed. 
 
 
Figure 5-12: Graph of Kerr Loop for different TbFeCo thickness in the  
MDML-AlNiGd structure 
 




Table 5-7: Summary of different TbFeCo thickness in the  
MDML-AlNiGd structure 
TbFeCo  thickness 
(nm) 




160 21.437 17.677 -0.1375 39.114 
5108 21.97 17.766 0.1375 39.736 
11464 22.02 17.818 0.1285 39.838 
5360 22.036 17.818 0.1385 39.854 
1 22.061 17.839 0.1375 39.9 
-5175 21.569 17.776 -0.1295 39.345 
-11308 21.63 17.813 -0.1185 39.443 
-5212 21.564 17.781 -0.1365 39.345 
-65 21.564 17.787 -0.1415 39.351 
20 
156 19.464 16.125 -0.296 35.589 
5086 20.448 16.234 0.301 36.682 
11308 20.428 16.218 0.301 36.646 
5063 20.468 16.244 0.306 36.712 
1 20.62 16.369 0.302 36.989 
-5148 19.687 16.307 -0.294 35.994 
-11100 19.702 16.328 -0.301 36.03 
-5213 19.677 16.312 -0.305 35.989 
-63 19.707 16.312 -0.284 36.019 
15 
23 16.248 13.733 -0.3885 29.981 
5233 17.227 13.791 0.3745 31.018 
11308 17.252 13.817 0.3685 31.069 
5179 17.333 13.869 0.3805 31.202 
3 17.348 13.89 0.3715 31.238 
-5047 16.4 13.863 -0.3905 30.263 
-11520 16.43 13.89 -0.3925 30.32 
-5053 16.405 13.863 -0.3865 30.268 
-69 16.42 13.869 -0.3795 30.289 
10 
121 12.342 10.357 -0.056 22.699 
5172 12.844 10.357 0.504 23.201 
11391 12.879 10.357 0.542 23.236 
5194 12.854 10.342 0.535 23.196 
3 12.479 10.347 0.113 22.826 
-5227 11.951 10.368 -0.527 22.319 
-11442 11.956 10.388 -0.548 22.344 
-5066 11.951 10.378 -0.54 22.329 
-30 12.306 10.362 -0.104 22.668 
 
From the graph in Fig. 5-12, it indicates that as the TbFeCo layer thickness 
decreased from 30nm to 10nm, the Kerr angle increased from 0.28° to 1.08°. The 
amount of degree increased in Kerr angle is linear. Even though sample with 




10nm thick shown the highest Kerr angle changed, there is no coercivity as the 
retentivity is almost zero. Thus, the coercivity reduced as the TbFeCo thickness 
reduced. Furthermore, the anisotropy changed from perpendicular to in-plane as 
the TbFeCo film thickness reached 10nm. It also goes the same for reflectivity as 
the thickness of the TbFeCo layer reduced. Therefore, the best result was to have 
TbFeCo thickness around 15nm where Kerr angle is about 0.78°, coercivity of 
2500Gs, and reflected power of the disc sample is about 30μW. Furthermore, this 
is the minimum amount of magneto-optical layer thickness for the MDML disc 
structure to maintain its stability. 
 
5.3.4 Change In Reflectivity Due To First Dielectric Thickness 
Change in film thickness affects the reflectivity which was previously discussed in 
sections 5.3.1 and 5.3.3. It is important to have signals that are stable and readable, 
and not having low reflectivity that is difficult to be differentiable between 
amorphous and crystalline states. In this experiment, different disc samples were 
fabricated with varying first dielectric layers thickness while keeping other 
sputtering parameters constant. TbFeCo layer thickness used in this experiment 
was 20nm as it has shown a well improved result that was discussed in section 5-3. 
The overall sputtering design of the disc sample structure is shown in Fig. 5-13. 
An extract data for each disc samples is summarized in Table 5-8, and the results 
















100 3000 15 
25 2500 15 
20 1000 20 
25 2500 15 
30 300 10 
X = 20 2500 15 
Figure 5-13: Varying the first dielectric thickness in the MDML-AlNiGd  
disc structure 
 
Table 5-8: Summary result for different thickness dielectric layer in  
MDML-AlNiGd structure 




-94 23.096 17.792 -0.296 40.888 
-5073 24.12 17.818 0.281 41.938 
-11482 24.156 17.849 0.278 42.005 
-5288 24.176 17.849 0.289 42.025 
-3 24.171 17.844 0.29 42.015 
5404 23.182 17.839 -0.281 41.021 
11435 23.233 17.875 -0.279 41.108 
5135 23.182 17.854 -0.293 41.036 
63 23.192 17.849 -0.283 41.041 
15 
-100 18.15 14.635 -0.348 32.785 
-5199 19.129 14.655 0.364 33.784 
-11428 19.154 14.676 0.362 33.83 
-5311 19.119 14.666 0.346 33.785 
-1 19.104 14.655 0.346 33.759 
5016 18.16 14.666 -0.37 32.826 
11428 18.211 14.687 -0.351 32.898 
5167 18.185 14.676 -0.36 32.861 
68 18.18 14.655 -0.344 32.835 
20 
-23 16.238 13.728 -0.3925 29.966 
-5233 17.227 13.791 0.3745 31.018 
-11511 17.242 13.806 0.3715 31.048 
-5179 17.333 13.869 0.3805 31.202 
-3 17.348 13.89 0.3715 31.238 
5047 16.4 13.863 -0.3905 30.263 
11517 16.435 13.884 -0.3815 30.319 
5053 16.405 13.863 -0.3865 30.268 













-24 10.419 9.1777 -0.3875 19.597 
-5137 11.079 9.2335 0.3965 20.312 
-11550 11.104 9.2585 0.3895 20.362 
-5270 11.104 9.2522 0.3995 20.356 
-1 11.084 9.2475 0.3815 20.331 
5242 10.46 9.2204 -0.3975 19.68 
11526 10.485 9.2387 -0.3915 19.724 
5133 10.475 9.2345 -0.3985 19.709 
63 10.49 9.235 -0.3795 19.725 
30 
-80 8.9502 8.0508 -0.4175 17.001 
-5238 9.5569 8.1118 0.4065 17.669 
-11466 9.565 8.1159 0.4115 17.681 
-5102 9.569 8.1159 0.4175 17.685 
-3 9.5462 8.1092 0.3955 17.655 
5334 8.9568 8.0665 -0.4345 17.023 
11488 8.9639 8.0701 -0.4295 17.034 
5271 8.9441 8.0602 -0.4435 17.004 
55 8.9527 8.0592 -0.4285 17.012 
40 
-34 3.7208 3.8141 -0.51 7.535 
-5151 4.0246 3.8459 0.495 7.87 
-11504 4.0272 3.8485 0.495 7.876 
-5210 4.0211 3.8423 0.496 7.863 
-1 4.0079 3.8402 0.457 7.848 
5242 3.7025 3.8074 -0.555 7.51 
11498 3.702 3.8058 -0.551 7.508 
5092 3.6939 3.7996 -0.559 7.494 
58 3.7005 3.798 -0.527 7.498 
50 
-33 1.8079 2.2804 -0.735 4.088 
-5158 1.9946 2.2668 0.734 4.261 
-11495 1.9951 2.2647 0.75 4.26 
-5125 1.9915 2.2626 0.738 4.254 
-3 1.9941 2.2705 0.707 4.265 
5268 1.8079 2.2824 -0.748 4.09 
11465 1.8084 2.283 -0.747 4.091 
5264 1.8084 2.283 -0.747 4.091 
70 1.8104 2.2835 -0.735 4.094 
 





Figure 5-14: Graph of Kerr loops for different dielectric thickness in  
the MDML-AlNiGd structure 
 
From Fig. 5-14, all the samples show perpendicular anisotropy and coercivity in 
the range from 2000Gs to 2500Gs. Only the sample having dielectric layer of 
10nm has a coercivity of 3000Gs. This shows that there was not much effect on 
coercivity when there was a change in dielectric layer thickness. This is 
reasonable as there is no change in sputtering parameters and thickness to the 
magneto-optical material layer and phase change material layer. Thus, the 
coercivity results for all the samples should be similar to the sample of 15sccm 
that was shown in Fig. 5-13. From Fig. 5-14, the Kerr angle has increased furthest 
to 1.5° when the dielectric layer is of 50nm thick. This thickness is the thickest 
among all the samples. However, the trade off is that its reflected power among 
other samples exhibits the lowest at 4.094μW. As compared with 10nm thick 
















Figure 5-15: Graph of reflectivity vs dielectric thickness in the  
MDML-AlNiGd structure 
 
The change in reflectivity over dielectric thickness shows an exponential trend 
which is shown in Fig. 5-15. Such change is mainly due to the optical interference 
and the overall refractive index in the structure. From the trend of the graph in 
Figs. 5-14 and 5-15, there is a trade off between Kerr angle and reflectivity over 
the dielectric thickness. Smaller Kerr angle gives higher reflectivity, and larger 
Kerr angle gives lower reflectivity. The most promising thickness for the first 
dielectric layer is around 30nm where it compromises both the reflectivity and 
Kerr angle. 
 
5.3.5 Change In Flow Rate On TbFeCo Layer  
This experiment is to investigate any further changes in the Kerr angle and its 
coercivity when magneto-optical layer is deposited at a variation of argon gas 
flow rate while keeping that layer thickness constant for different disc samples. 
















The design of the sample disc follows Fig. 5-6 in section 5.3. The full 
experimental result is shown in Fig. 5-16, and the summarized results of Kerr 
angle with reflectivity are shown in Table 5-9. 
 
 




Table 5-9: Summary result for variation of argon flow rate in fabricated  
TbFeCo layer for MDML-AlNiGd structure 
Argon Flow 
Rate (sccm) 




51 13.666 11.425 -0.2965 25.091 
5306 14.34 11.498 0.2895 25.838 
10802 14.351 11.509 0.2875 25.86 
5283 14.32 11.477 0.2955 25.797 
12 14.3 11.462 0.2945 25.762 
-5154 13.65 11.404 -0.2875 25.054 
-10737 13.701 11.441 -0.2805 25.142 
-5176 13.656 11.41 -0.2885 25.066 
-78 13.656 11.404 -0.2805 25.06 





50 10.237 8.701 -0.3175 18.938 
5282 10.81 8.7693 0.3395 19.579 
10816 10.84 8.7943 0.3385 19.634 
5075 10.805 8.762 0.3445 19.567 
-4 10.79 8.7635 0.3225 19.553 
-5118 10.221 8.6984 -0.3345 18.919 
-10813 10.242 8.7161 -0.3345 18.958 
-5244 10.201 8.688 -0.3455 18.889 
-141 10.221 8.6922 -0.3245 18.913 
40 
57 13.128 10.941 -0.317 24.069 
5137 13.823 11.008 0.321 24.831 
10830 13.828 11.014 0.318 24.842 
5227 13.808 10.993 0.325 24.801 
-2 13.787 10.982 0.318 24.769 
-5258 13.123 10.946 -0.329 24.069 
-10818 13.148 10.962 -0.323 24.11 
-5142 13.118 10.946 -0.334 24.064 
-138 13.118 10.936 -0.321 24.054 
 
 
Samples with different argon flow rates of 10sccm, 20sccm, and 40sccm for 
TbFeCo layer were deposited. In terms of Kerr angle, the sample with 10sccm 
argon flow rate shows a smaller Kerr angle of 0.6° as compared to the rest of 
samples which are about 0.7°. However, in terms of coercivity and reflectivity, the 
sample with 20sccm argon flow rate has a lower coercivity of about 1500Gs and 
lower reflected power of 18.9μW to 19.6μW as compared to the other two 
samples which have a coercivity of about 2000Gs and higher reflectivity of about 
25μW. Overall, there was no much significant changes in terms of reflectivity, 
Kerr angle and coercivity within this range. 
 
5.4 MDML Disc Structure – GeSbTe 
Ge2Sb2Te5 is well-established phase change material that is most popularly used 
in the optical disc storage. In this section, MDML disc samples with GeSbTe were 
fabricated and tested using MDML static tester. The fabricated sample structure 




which is shown in Fig. 5-17 is the same as AlNiGd from section 5.3. The 
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Figure 5-17: Design for MDML disc structure – GeSbTe 
 
The experimental results that reflect the Kerr angle for the amorphous MDML-
GeSbTe sample is shown in Fig. 5-18. The graph includes AlNiGd amorphous 
sample which is taken from section 5.3 for comparison. GeSbTe has Kerr angle 
close to 0.6° which is relatively double of AlNiGd sample, and the squareness 
ratio of GeSbTe is good as it exhibits relatively of 90%. However, GeSbTe has a 
coercivity of 2500Oe which is slightly lower than AlNiGd. Reflected power of 
GeSbTe can is summarized in Table 5-10 is from 29.012μW to 29.769μW. As for 
the AlNiGd sample, the reflected power is kept in the range from 39.343μW to 
40.123μW which is previously shown in Table 5-4. It indicates that both types of 
samples during the full magnetic range test have kept the reflected power range at 
0.75μW which is reasonable. MDML-GeSbTe sample gives a lower reflected 
power, most probably due to higher percentage of absorption of the material 













Figure 5-18: Graph of Kerr loops for MDML-GeSbTe disc structure 
 
Table 5-10: Summary of the MDML-GeSbTe disc sample 
Gauss (Gs) A (uW) B (uW) Kerr angle (°) Reflected power (uW) 
33 16.511 13.16 -0.2935 29.671 
2179 16.501 13.171 -0.2735 29.672 
5317 15.893 13.191 0.2745 29.084 
8475 15.872 13.181 0.2825 29.053 
11242 15.888 13.202 0.2905 29.09 
8283 15.872 13.181 0.2825 29.053 
5203 15.857 13.165 0.2785 29.022 
2192 15.852 13.16 0.2775 29.012 
50 15.852 13.16 0.2775 29.0122 
-41 15.857 13.165 0.2855 29.028 
-2242 15.888 13.191 0.2735 29.079 
-5392 16.562 13.207 -0.2865 29.769 
-8311 16.562 13.207 -0.2865 29.769 
-11365 16.567 13.197 -0.3015 29.764 
-8155 16.522 13.176 -0.2855 29.698 
-5034 16.527 13.181 -0.2845 29.708 
-2022 16.501 13.16 -0.2845 29.661 
-82 16.537 13.191 -0.2825 29.728 
 




5.4.1 Change In Thickness For Magneto-Optical Layer 
In this experiment, it is to investigate the minimum amount of TbFeCo thickness 
for magneto-optical recording to be deposited in the MDML sample to have the 
minimum stability amount of Kerr angle to be detected. Furthermore, it is to 
investigate the trend of the Kerr angle as the thickness of magneto-optical layer 
changes. The design of this MDML sample structure is the same as AlNiGd 
sample in section 5.3.3. In this experiment, the thickness of TbFeCo layer was 
varied at 20nm, 15nm, and 10nm while keeping the rest of the sputtering 
parameters constant.  
 
Figure 5-19 shows the plotted Kerr loop results for different TbFeCo thickness in 
the MDML-GeSbTe structure samples, and a summarized reflectivity data for 
different thickness samples is shown in Table 5-11. 10nm of TbFeCo film is too 
thin for any positive Kerr effect to take place as it exhibits in-plane anisotropy. 
For thicker TbFeCo film, it shows Kerr angle about 0.6° and has perpendicular 
anisotropy. The only difference is the coercivity changes relatively linearly over 
the thickness of TbFeCo film. For 30nm film, the coercivity is about 2600Gs; 
20nm film has 1900Gs; and 15nm film has 800Gs. However, as the TbFeCo film 
thickness reduces, the reflectivity increases relatively linearly. This can be seen 
from Table 5-11. That is reasonable as thinner film thickness means less amount 
of light absorption in that layer which in turn affects the overall reflectivity.  
 









When comparing a variation of TbFeCo thickness in the MDML samples between 
MDML-GeSbTe structure and MDML-AlNiGd structure, both exhibited the same 
result by showing no coercivity when TbFeCo layer was less than 15nm. However, 
MDML-GeSbTe samples show a linear increased in coercivity as the TbFeCo 
layer increased more than 15nm, while keeping the Kerr angle rotation constant. 
As for MDML-AlNiGd samples, the results which were showed previously in 
section 5.3.3 proved that thicker TbFeCo layer film exhibited larger coercivity but 
smaller Kerr angle rotation; while thinner TbFeCo layer film exhibited smaller 
















48 16.522 13.171 -0.2905 29.693 
2683 16.212 13.176 -0.0205 29.388 
5317 15.903 13.197 0.2725 29.1 
11393 15.888 13.207 0.2965 29.095 
5482 15.862 13.171 0.2805 29.033 
2505 15.852 13.160 0.2775 29.012 
23 15.867 13.176 0.2815 29.043 
-2242 16.019 13.197 0.1695 29.216 
-5130 16.572 13.212 -0.2895 29.784 
-11365 16.598 13.217 -0.3065 29.815 
-5314 16.522 13.181 -0.2805 29.703 
-2333 16.506 13.165 -0.2835 29.671 
-86 16.542 13.197 -0.2805 29.739 
20 
21 19.433 15.39 -0.3085 34.823 
1902 18.941 15.385 0.0455 34.326 
5283 18.581 15.385 0.3145 33.966 
11356 18.586 15.411 0.3345 33.997 
5149 18.632 15.421 0.3095 34.053 
1846 18.627 15.411 0.3035 34.038 
37 18.647 15.411 0.2885 34.058 
-1743 19.022 15.39 -0.0095 34.412 
-5358 19.504 15.416 -0.3365 34.92 
-11344 19.535 15.426 -0.3495 34.961 
-5288 19.438 15.364 -0.3355 34.802 
-1701 19.433 15.369 -0.3275 34.802 
-108 19.438 15.385 -0.3165 34.823 
15 
26 21.407 16.817 -0.244 38.224 
1185 20.849 16.838 0.142 37.687 
5196 20.666 16.875 0.297 37.541 
11347 20.666 16.896 0.314 37.562 
5213 20.656 16.864 0.294 37.52 
1614 20.696 16.88 0.281 37.576 
10 20.783 16.906 0.243 37.689 
-1043 21.219 16.896 -0.055 38.115 
-5263 21.554 16.864 -0.3 38.418 
-11329 21.64 16.906 -0.321 38.546 
-5115 21.544 16.854 -0.302 38.398 
-1202 21.533 16.87 -0.282 38.403 
-72 21.452 16.833 -0.26 38.285 
10 
19 22.715 18.313 -0.0105 41.028 
1303 22.629 18.339 0.0625 40.968 
5079 22.421 18.365 0.2115 40.786 
11311 22.416 18.401 0.2425 40.817 




5309 22.416 18.36 0.2115 40.776 
2064 22.533 18.344 0.1255 40.877 
21 22.695 18.308 -0.0015 41.003 
-1590 22.822 18.318 -0.0725 41.14 
-5151 23.055 18.323 -0.2105 41.378 
-11304 23.126 18.334 -0.2455 41.46 
-5481 23.055 18.318 -0.2145 41.373 
-1937 22.883 18.287 -0.1335 41.17 
-56 22.685 18.276 -0.0205 40.961 
 
5.4.2 Change In Reflectivity Due To First Dielectric Thickness 
This experiment investigate the difference between GeSbTe and AlNiGd, and 
compare the outcome of the reflectivity change when the first dielectric layer 
thickness varies in the MDML disc samples. The design of the fabricated samples 
for testing is similar to the design in section 5.4.1. 
 
Table 5-12: Reflectivity comparison between GeSbTe and AlNiGd MDML 
samples for different first dielectric thickness 
Thickness 
(nm) 
Average Reflectivity (μW) 
AlNiGd GeSbTe 
10 41.453 41.457 
15 33.262 39.193 
20 30.62 - 
25 19.97 36.826 
30 17.307 35.323 
40 7.67 29.538 
50 4.166 23.340 
 
The tester setup remains the same at an incident light power of 1mW to be 
illuminated onto the sample disc. Table 5-12 shows the test results on average 
reflectivity for the various MDML-GeSbTe samples at different dielectric 
thickness. The result of AlNiGd from section 5.3.4 has been put together with 
GeSbTe in the table for comparison.  





Figure 5-20: Graph of average reflected power vs dielectric thickness compared 
between AlNiGd and GeSbTe MDML structures 
 
A graph of average reflectivity versus dielectric film thickness is plotted and 
shown in Fig. 5-20. From this graph, it can be seen that reflectivity of the sample 
reduces as the first dielectric layer thickness increased for both types of MDML 
samples. For both types of samples with 10nm dielectric thickness, both have 
reflected power about 41.4μW. The only difference is that the reflected power for 
MDML-AlNiGd samples reduced faster than MDML-GeSbTe samples as the first 
dielectric layer thickness increased to 50nm. 
 
The Kerr results in terms of Kerr angle and coercivity for MDML-GeSbTe 
samples are the same as section 5.4.1 with TbFeCo layer of 20nm; and it is the 
same for all the different dielectric layer thickness samples. However, when 
compared with MDML-AlNiGd samples, there is a gradual increase in Kerr angle 
as the dielectric layer thickness increased from 10nm to 50nm. 




5.4.3 Change In Argon Flow Rate On TbFeCo Layer 
From the tested results in section 5.3.5, there is not much change in Kerr angle 
and coercivity in MDML-AlNiGd samples for different argon flow rates during 
TbFeCo deposition. In this experiment, the same test was carried out on MDML-
GeSbTe samples for 10sccm, 20sccm, and 40sccm argon flow rates for TbFeCo 
layer deposition. The design of the MDML structure and the setup for the MDML 
static tester were kept as the same.  
 
Table 5-13: Summary result for TbFeCo layer with variation of argon flow  
rate in MDML-GeSbTe samples 
Argon Flow 
Rate (sccm) 




44 18.627 14.593 -0.301 33.22 
4246 17.795 14.598 0.343 32.393 
11241 17.861 14.661 0.351 32.522 
5139 17.851 14.629 0.328 32.48 
-4 17.891 14.645 0.312 32.536 
-5084 18.759 14.661 -0.334 33.42 
-11219 18.85 14.707 -0.358 33.557 
-4729 18.764 14.676 -0.324 33.44 
-61 18.708 14.64 -0.316 33.348 
20 
-8 18.008 14.332 -0.3335 32.34 
4809 17.181 14.353 0.3465 31.534 
10518 17.166 14.358 0.3635 31.524 
4976 17.166 14.343 0.3485 31.509 
-5 17.196 14.348 0.3285 31.544 
-5094 18.028 14.343 -0.3385 32.371 
-10444 18.069 14.348 -0.3655 32.417 
-5065 17.998 14.312 -0.3455 32.31 
-111 18.003 14.322 -0.3395 32.325 
40 
49 20.179 15.786 -0.3015 35.965 
5208 19.322 15.802 0.3195 35.124 
11037 19.317 15.822 0.3405 35.139 
5090 19.286 15.77 0.3165 35.056 
-3 19.261 15.734 0.3025 34.995 
-5033 20.159 15.744 -0.3245 35.903 
-11000 20.199 15.76 -0.3385 35.959 
-5198 20.113 15.723 -0.3115 35.836 
-105 20.078 15.703 -0.3055 35.781 
 





Figure 5-21: Graph of Kerr loops in variation of argon flow rate for TbFeCo 
layer in MDML-GeSbTe samples 
 
A summarized data acquired for samples with different argon flow rates are 
shown in Table 5-13, and the Kerr Loop graph is shown in Fig. 5-21. For sample 
with flow rate of 20sccm, the tested results showed that it has the highest Kerr 
angle of 0.7° with coercivity of 2000Gs. As compared with the other two samples, 
their Kerr angle is slightly lower which is about 0.6° but the coercivity is about the 
same. When comparing the Kerr Loop and Kerr angle between AlNiGd and 
GeSbTe MDML samples, they showed similar behaviors. However, the only 
difference is that MDML-GeSbTe samples exhibit an overall higher percentage of 
increase in reflectivity to about 35% as compared to MDML-AlNiGd samples. 
 
 




5.4.4 Change In Sputtering Power On TbFeCo Layer 
Formation of the TbFeCo film at different crystallographic directions and their 
magnetic anisotropy can be closely related to sputtering power and argon flow rate, 
which can affect the performance of the Kerr effect and its coercivity. The 
previous experiment showed that there is not much effect on the MDML-GeSbTe 
samples at different argon flow rates for TbFeCo layer deposition. Thus, it is 
necessary to further investigate the possibilities of change on the MDML-GeSbTe 
sample when there is a change in sputtering power for TbFeCo layer deposition. 
The TbFeCo layer was kept at 20nm thick and sputtered at 20sccm argon flow rate, 
but only difference was the sputtering power for TbFeCo layer varies. Three 
samples were fabricated and the fabrication sputtering powers of TbFeCo layer 




Figure 5-22: Graph of Kerr loops in variation in sputtering power on  
TbFeCo layer for MDML-GeSbTe samples 




Table 5-14: Summary result for TbFeCo layer with variation of  
sputtering power in MDML-GeSbTe samples 
Sputtering Power 
(W) 




80 20.179 16.307 -0.0685 36.486 
2119 19.814 16.359 0.2325 36.173 
5202 19.662 16.338 0.3225 36 
8477 19.656 16.369 0.3535 36.025 
11214 19.636 16.38 0.3775 36.016 
8228 19.591 16.312 0.3515 35.903 
5274 19.585 16.291 0.3375 35.876 
2065 19.662 16.291 0.2825 35.953 
-6 19.92 16.198 0.0185 36.118 
-2189 20.275 16.156 -0.2645 36.431 
-5516 20.392 16.156 -0.3455 36.548 
-8320 20.417 16.161 -0.3575 36.578 
-11189 20.433 16.145 -0.3825 36.578 
-8487 20.377 16.104 -0.3795 36.481 
-5414 20.326 16.078 -0.3675 36.404 
-2235 20.265 16.072 -0.3305 36.337 
-38 19.961 16.083 -0.1095 36.044 
1000 
30 19.743 15.343 -0.3135 35.086 
2193 19.215 15.359 0.0785 34.574 
5499 18.916 15.385 0.3215 34.301 
9602 18.916 15.406 0.3405 34.322 
5445 18.901 15.374 0.3225 34.275 
2069 18.911 15.369 0.3105 34.28 
-8 18.891 15.354 0.3125 34.245 
-2060 19.393 15.364 -0.0455 34.757 
-4706 19.799 15.364 -0.3335 35.163 
-9546 19.885 15.421 -0.3425 35.306 
-4194 19.799 15.385 -0.3145 35.184 
-111 19.778 15.374 -0.3105 35.152 
2000 
119 18.941 14.796 -0.338 33.737 
2062 18.424 14.796 0.048 33.22 
5475 18.023 14.801 0.361 32.824 
10389 18.043 14.833 0.376 32.876 
5446 18.028 14.796 0.352 32.824 
2084 18.038 14.796 0.344 32.834 
-7 18.054 14.791 0.327 32.845 
-1975 18.49 14.801 0.002 33.291 
-4684 19.002 14.812 -0.368 33.814 
-9770 19.083 14.864 -0.378 33.947 
-5098 18.972 14.801 -0.356 33.773 
-86 18.967 14.806 -0.348 33.773 
 




The reflected powers for all three samples are about the same which kept in the 
range from 33.7μW to 36.4μW. From the results in Fig. 5-22, it is clearly seen that 
the MDML-GeSbTe sample with TbFeCo layer sputtered at 500W shows a lower 
percentage of magnetic retentivity. Low power sputtered TbFeCo film showed in-
plane anisotropy, while higher power TbFeCo film exhibited perpendicular 
anisotropy. As the sample with TbFeCo layer prepared from 1000W to 2000W, 
there is only a slight improvement in Kerr angle from 0.6° to 0.7°; but there is not 
much change in its coercivity. This shows that depositing of TbFeCo film using 
sputtering power less than 1KW is not favorable. Most probably it is due to 
sputtering parameters as it affects the formation of TbFeCo magnetic anisotropy. 
As the TbFeCo film is formed at lower sputtering power, its magnetization 







We have successfully demonstrated the concept of using intensity and polarization 
of light parameters for the multi-dimensional multi-level (MDML) optical 
recording from the MDML static tester on the fabricated new optical media design. 
It has shown that reflectivity between amorphous state and crystalline state was 
readable and differentiable. Moreover, the testing has shown there was a change in 
Kerr rotation angle when the magneto-optical material was magnetized at a certain 
magnetic field strength in an opposite direction. Furthermore, the data collected 
from this tester has shown that it was feasible to readout two different dimension 
outputs simultaneously using the same readout beam. This is crucial as it forms 
the basis of the research work in the MDML optical recording. In addition, the 
static tester has shown consistency in test results. 
 
Comparing metallic glass phase change material (AlNiGd) with high-speed phase 
change material (AgInSbTe), it showed larger and more stable Kerr angle signal 
and higher reflectivity. Using MDML-AlNiGd structure, an amplitude modulation 
difference of 16% was obtained. With this structure, a Kerr rotation angle of 1.6° 
was achieved when the first dielectric layer thickness of 50nm was used. Multi-
level reflectivity on phase change recording material through partial 
crystallization on the MDML-AlNiGd disc sample has been achieved by using 
different writing laser powers from an Optical Disk Initializer. Different levels of 
reflectivity readout from the disc sample can be clearly seen from the MDML 





tester has shown that the polarization angle was not affected when multi-level 
reflectivity tests were carried out.    
 
When comparing metallic glass material (AlNiGd) with phase change material 
(GeSbTe) in MDML disc structure, MDML-GeSbTe structure has a more stable 
Kerr rotation angle signal. The signal in this structure did not affect much when 
changes occurred in chamber chemistry or TbFeCo layer thickness. However, 
MDML-AlNiGd structure showed a higher coercivity as compared to MDML-
GeSbTe structure. When there was a change in TbFeCo layer deposition using 
different argon flow rates or thickness, the coercivity value was affected. The 
disadvantage of MDML-GeSbTe structure was its Kerr rotation angle was unable 
to obtain more than 0.7°.  
 
In conclusion, the fundamental and principle study of MDML optical recording is 
feasible. It is demonstrated through the experimental results on those fabricated 
MDML samples from the MDML static tester, that two dimensions multi-levels 
reflectivity and polarization is achievable. Furthermore, this is a possible solution 
out of many parameters for MDML optical recording. Therefore, to achieve ultra-
high optical storage through the MDML optical recording method for next 
generation optical storage is highly possible. 





Suggestions For Future Work 
In this work, the MDML samples fabricated with phase change recording material 
of either AlNiGd or GeSbTe that combines with magneto-optical material, 
TbFeCo, have shown a more positive result as compared with AgInSbTe 
recording material. However, presently the testing area on these fabricated media 
is large as the testing beam is almost a millimeter in size. In order to achieve ultra-
high storage density in optical data recording, it needs to achieve a much smaller 
small data mark size in tens of nanometers to be written on and read from the 
media. 
 
This is made possible by modifying the MDML static setup to have a laser beam, 
that can lase in continuous mode and pulsation mode, of shorter wavelength that 
through a lens can be focused to a smaller area. A well-designed small magnetic 
head together with the focused beam is aligned together to the same recording 
location of the recording media. To create a small recording mark in the phase 
change material of the MDML sample, a shorter wavelength in the deep blue 
region for the laser and a higher numerical aperture (NA) of 0.95 for the focusing 
lens should be used. The coercivity of the magneto-optical material in a small 
region of the MDML sample can be reduced due to heat applied from the focused 
laser beam. Those magnetic dipoles in that region can be easily flipped by using a 
small amount of opposite magnetic field while keeping the surrounding magnetic 
region unaffected.  
 




The modified tester setup involves heating and cooling of a small spot size area on 
the media due to the presence of focued pulse laser beam. This allows further 
investigation on the suitability and stability of the materials used as composite 
media structure for MDML recording. This is because each composite phase 
change material has certain crystallization temperature and melting point; and 
each composite magneto-optical material has its curie point and melting 
temperature. It is therefore necessary and crucial for the selection of the correct 
recording materials to be used in nanoscale MDML recording. Thus, to achieve 
stable and ultra-small size mark to be recorded in the MDML recording media. 
 
Furthermore, there is a chance for MDML optical disc structure design leads to 
more types of optical media applications in the MDML optical recording. 
Presently, our research work is focusing on Re-Writable (RW) disc type. Further 
enhancement in the media design structure can expand the optical media 
application to different types of Re-Writable (RW) formats, Read-Only-Memory 







[1] G. A. Gibson, A. Chaiken, K. Nauka, C. C. Yang, R. Davidson, and A. 
Holden, “Phase-Change Recording Medium That Enables Ultrahigh-
Density Electron-Beam Data Storage”, Appl. Phys. Letter 86, 051902 
(2005). 
[2] Han-Ping D.Shieh, Yen-Lin Chen and Cheng-Heng Wu, “Multilevel 
Recording in Erasable Phase-Change Media By Light Intensity 
Modulation”, Jpn. J. Appl. Phys. Vol. 40, 1850 (2001). 
[3] Hiroyuki Kado and Takao Tohda, “Nanometer-Scale Erasable Recording 
Using Atomic Force Microscope On Phase Change Media”, Jpn. J. Appl. 
Phys. Vol. 36, 523 (1997). 
[4] S. Hosaka, A. Kikukawa, H. Koyanagi, T. Shintani, M. Miyamoto, K. 
Nakamura, and K. Etoh, “SPM-based Data Storage For Ultrahigh Density 
Recording”, Nanotechnology 8, A58-A62 (1997). 
[5] Ken Anderson and Kevin Curtis, “Polytopic Multiplexing”, Optics Letters 
Vol. 29, No.12, 1402 (2004). 
[6] J Ashley; M-P Bernal; G W Burr; H Coufal; et al, “Holographic data 
storage”, IBM Journal of Research and Development, Vol 44, No.3,.341 
(2000). 
[7] Janis Teteris and Mara Reinfelde, ―Solid Immersion Holographic 
Recording In Amorphous Chalcogenide Thin Films‖, Microsystem 
Technology 13, 197–201 (2007). 
[8] Masud Mansuripur, “The Physical Principles Of Magneto-optical 





[9] M. Murakami and M. Birukawa, “Magnetic Properties and 
Microcolumnar Structure of a TbFeCo Memory Layer For High-Density 
Magneto-optical Recording”, J. Appl. Phys. Vol. 95, No. 11, 7327 (2004). 
[10] L. P. Shi, T. C. Chong, P. K. Tan, X. S. Miao, Y. M. Huang and R. Zhao, 
“Study Of The Partial Crystallization Properties of Phase-Change Optical 
Recording Disks”, Jpn. J. Appl. Phys. Vol. 38, 1645 (1999). 
[11] L. P, Shi, T. C. Chong, X. S. Miao, X. Hu, G. Q. Yuan, H. F. Yuan, L. H. 
Ting, J. M. Li, T. Ng and W. L. Tan, "Multi-dimensional Multi-level 
Optical Recording". International Symposium On Optical Memory - 
ISOM 2006, The Japan Society of Applied Physics, p. 226-227, (2006). 
[12] Luo, M. & Wuttig, M. Adv. Mat. 16, 439 (2004). 
[13] N. Akahira, N. Miyagawa, K. Nishiuchi, Y. Skaue and E. Ohno, “High 
Density Recording on Phase Change Optical disks”, SPIE.2514, 294 
(1995). 
[14] G. F. Zhou, B. A. J. Jacobs, W. van Es-Spiekman, “Laser-induced 
crystallization in Ge-Sb-Te optical recording materials‖, Materials 
Science and Engineering A226-228, 1069-1073, (1997). 
[15] N. Yamada, E. Ohno, K. Nishiuchi and N. Akahira, “Rapid-phase 
 Transitions of GeTe-Sb2Te3 Pseudobinary Amorphous Thin Films for an 
 Optical Disk Memory”, J. Appl. Phys., 69 (5), 2849-2856 (1991). 
[16]  D. R. Uhlmann, “A Kinetic Treatment of Glass Formation”, Journal of 
Non-Crystalline Solids, 7, 337 (1972). 
[17] Suckjoon Jun, Haiyang Zhang, and John Bechhoefer, “Nucleation and 
Growth In one Dimension. The Generalized Kolmogorov-Johnson-Mehl-





[18] M. Avrami, “Kinetics of Phase Change”, J. Chem. Phys., 7, 1103 (1939). 
[19]  A. Nazareth and G. C. Hadjipanayis, “Crystallization Kinetics In 
Amorphous Rare-Earth-Transition-Metal Alloys”, Phys. Rev. B, 40, 5441 
(1989). 
[20] N. W. Ashcroft and N. D. Mermin, “Solid State Physics”, Holt, Rinehart 
and Winston, Philadelphia (1976). 
[21] S. Chikazumi and S.H. Charap, “Physics of Magnetism”, R.E. Krieger, 
 Florida (1964). 
[22] K. Röll, “Progress in Magneto Optical Data Storage”, ed.U. Hartmann, 
Springer Verlag Berlin Heidelberg, p. 13-47 (2000). 
[23] F. J. A. M. Greidanus, B. A. J. Jacobs, J. H. M. Spruit, and S. Klahn, 
“Recording experiments on RE-TM thin films studied with Lorentz 
microscopy‖, IEEE Trans. Magn. MAG -25, p.3524, (1989). 
[24]  M. Sato, S.Tatsukawa, H. Niwa, N. Tsukane, T. Mitani, and H. Toba, 
“Write/Read Characteristics Of Magneto-Optical Disks”, IEEE Trans. 
Magn. MAG -23, p.2617, (1987). 
[25] P. Hansen, “Magnetic Amorphous Alloys, in Handbook of Magnetic 
Materials”, ed. by K. H. J. Buschow (Elsevier, Amsterdam 1991), Vol. 6 
p. 289-452. 
[26] C. Herring, “Direct exchange between well-separated atoms, in 
Magnetism”, Vol. IIB, G.T. Rado and H. Suhl, eds., Academic Press, New 
York (1965). 
[27] J E Knowles, “A Further Explanation of the Shape of the Hysteresis Loop 






[28] Gilmer, “Handbook of Crystal Growth”, Vol 1, Ch 8 (1993). 
[29] D. Czekaj, E. K. Hollmann, A. B. Kozirev, V. A. Volpias and 
 A. G. Zaytsev, “Cathode Etching Rate In Abnormal Glow Discharges”, 
 Appl. Phys. A48, 573 (1989). 
[30] S. Manvi and W.D. Westwood, “Calculation of The Current-Voltage-
Pressure Characteristics of DC Diode Sputtering Discharges”, J. Appl. 
Phys. 53, 856 (1982). 
[31] Chandhok, M.; Grizzle, J.W., “Modeling The Pressure Dependence of DC 
Bias Voltage In Asymmetric, Capacitive RF Sheaths”, IEEE Trans. Plasma 
Sc.26, 181 (1998). 
[32] Alan S. Penfold, “Early Days of Magnetron Sputtering—An Enigma”, 
Thin Solid Films, 171, 99 (1989). 
[33] J. Musil, “Low-Pressure Magnetron Sputtering”, Vacuum 50, 363 (1998). 
[34] B.Window, F.Sharples, “Magnetron Sputtering Sources For 
Ferromagnetic Material”, J.Vac.Sci.Technol.A3, 10 (1985), 
[35] Y. Souche, J. M. Alameda, O. Cugat, D. Givord, A. Lienard, and J. M. 
Ndjaka, “Differential Hysteresigraph Using The Transverse Magneto-
Optic  Kerr Effect Applied To Thin Magnetic Films”, Materials for 
Magneto-Optic Data Storage, Vol. 150, 165-170 (1989), 
[36] M.C. Gao, R.E. Hackenberg, G.J. Shiflet, “Thermodynamic Assessment of 
 The Al–Ni–Gd Glass-Forming System”, Journal of Alloys and Compounds 








1. L. H. Ting, X. S. Miao, M. L. Lee, M. D. Sofian, and L. P. Shi, “Optical 
and Magneto-optical Characterization for Multi-dimensional Multi-level 
Optical Recording Material”, Synthesis and Reactivity in Inorganic, 
Metal-Organic, and Nano-Metal Chemistry, Vol. 38 Issue 3, 284-287 
(2008). 
2. L.H. Ting, L.P. Shi, X.S. Miao, M.L. Lee, “Optical and Magneto-Optical 
Characterization for Multi-Dimensional Multi-Level Optical Recording 
Material”, International Conference on Materials for Advanced 
Technologies - ICMAT 2007, p. 71, M-7-P038 (2007). 
3. L. P. Shi, T. C. Chong, X. S. Miao, X. Hu, G. Q. Yuan, H. F. Yuan, L. H. 
Ting, J. M. Li, T. Ng and W. L. Tan, "Multi-dimensional Multi-level 
Optical Recording". International Symposium On Optical Memory - 
ISOM 2006,  p. 226-227, (2006) Takamatsu Kagawa: The Japan Society 
of Applied Physics.  
4. M. L. Lee, X. S. Miao, L. H. Ting, L. P. Shi, “Phase change behaviors of 
In-Ge-Sb-Te alloy”, Appl. Phys. A 90, 629–632 (2008). 
5. M. L. Lee, X. S. Miao, L. H. Ting, L. P. Shi, "Ultra-fast crystallization 
and thermal stability of In-Ge doped eutectic Sb70Te30 phase change 
















(Gs) A (uW) B (uW) Kerr angle 
Reflectivity 
(uW) 
142 21.63 18.412 -0.7675 40.042 
152 21.635 18.417 -0.7675 40.052 
163 21.635 18.417 -0.7675 40.052 
265 21.65 18.427 -0.7655 40.077 
335 21.645 18.422 -0.7655 40.067 
560 21.64 18.417 -0.7645 40.057 
708 21.64 18.422 -0.7685 40.062 
875 21.645 18.422 -0.7655 40.067 
1060 21.64 18.417 -0.7645 40.057 
1260 21.645 18.422 -0.7655 40.067 
1698 21.655 18.427 -0.7625 40.082 
2177 21.68 18.433 -0.7505 40.113 
2428 21.965 18.433 -0.5665 40.398 
2944 23.892 18.433 0.6105 42.325 
3208 24.151 18.438 0.7555 42.589 
3744 24.156 18.438 0.7585 42.594 
4012 24.151 18.438 0.7555 42.589 
4816 24.151 18.433 0.7595 42.584 
5608 24.146 18.427 0.7605 42.573 
6394 24.146 18.427 0.7605 42.573 
7151 24.176 18.448 0.7625 42.624 
7636 24.181 18.453 0.7615 42.634 
8326 24.191 18.459 0.7625 42.65 
8547 24.186 18.453 0.7645 42.639 
9169 24.186 18.453 0.7645 42.639 
9725 24.212 18.464 0.7705 42.676 
9893 24.217 18.469 0.7705 42.686 
10198 24.197 18.459 0.7665 42.656 
10469 24.207 18.469 0.7645 42.676 
10589 24.212 18.474 0.7635 42.686 
10700 24.202 18.464 0.7655 42.666 
10973 24.207 18.469 0.7645 42.676 
11048 24.207 18.469 0.7645 42.676 
11115 24.202 18.464 0.7655 42.666 
11173 24.197 18.464 0.7625 42.661 
11225 24.191 18.459 0.7625 42.65 
11270 24.197 18.464 0.7625 42.661 
11311 24.197 18.464 0.7625 42.661 
11378 24.191 18.459 0.7625 42.65 
11404 24.191 18.459 0.7625 42.65 
11506 24.202 18.469 0.7615 42.671 
11507 24.197 18.464 0.7625 42.661 
11503 24.176 18.453 0.7585 42.629 
11493 24.197 18.464 0.7625 42.661 
11463 24.197 18.464 0.7625 42.661 
11449 24.197 18.464 0.7625 42.661 
11433 24.197 18.464 0.7625 42.661 
11414 24.197 18.464 0.7625 42.661 
11370 24.202 18.464 0.7655 42.666 
11315 24.217 18.474 0.7665 42.691 
11131 24.207 18.464 0.7685 42.671 
10799 24.191 18.448 0.7705 42.639 
10402 24.186 18.443 0.7715 42.629 
10103 24.191 18.448 0.7705 42.639 
9754 24.212 18.459 0.7745 42.671 
8895 24.186 18.438 0.7755 42.624 
8365 24.186 18.433 0.7795 42.619 
7764 24.186 18.438 0.7755 42.624 
7091 24.191 18.443 0.7745 42.634 
6347 24.197 18.443 0.7785 42.64 
5540 24.186 18.438 0.7755 42.624 
4403 24.197 18.448 0.7745 42.645 
3799 24.181 18.438 0.7725 42.619 
3493 24.181 18.438 0.7725 42.619 
2557 24.186 18.443 0.7715 42.629 
1603 24.191 18.443 0.7745 42.634 
961 24.186 18.448 0.7685 42.634 
649 24.186 18.448 0.7685 42.634 
472 24.186 18.448 0.7685 42.634 
329 24.186 18.453 0.7645 42.639 
293 24.186 18.453 0.7645 42.639 
213 24.181 18.448 0.7655 42.629 
200 24.181 18.453 0.7615 42.634 
169 24.181 18.448 0.7655 42.629 
Gauss 
(Gs) A (uW) B (uW) Kerr angle 
Reflectivity 
(uW) 
132 24.191 18.453 0.7675 42.644 
126 24.191 18.459 0.7625 42.65 
115 24.197 18.464 0.7625 42.661 
92 24.202 18.469 0.7615 42.671 
69 24.212 18.474 0.7635 42.686 
46 24.197 18.464 0.7625 42.661 
39 24.186 18.459 0.7595 42.645 
23 24.186 18.459 0.7595 42.645 
9 24.191 18.464 0.7585 42.655 
2 24.181 18.459 0.7575 42.64 
0 24.186 18.459 0.7595 42.645 
-8 24.197 18.469 0.7585 42.666 
-21 24.191 18.469 0.7555 42.66 
-25 24.186 18.464 0.7565 42.65 
-37 24.176 18.459 0.7545 42.635 
-95 24.176 18.453 0.7585 42.629 
-127 24.186 18.464 0.7565 42.65 
-273 24.191 18.464 0.7585 42.655 
-743 24.186 18.464 0.7565 42.65 
-915 24.186 18.464 0.7565 42.65 
-1307 24.191 18.469 0.7555 42.66 
-1522 24.181 18.464 0.7535 42.645 
-2237 24.181 18.469 0.7495 42.65 
-3007 21.792 18.464 -0.7015 40.256 
-4074 21.686 18.464 -0.7705 40.15 
-4882 21.68 18.464 -0.7745 40.144 
-5941 21.68 18.464 -0.7745 40.144 
-6199 21.68 18.464 -0.7745 40.144 
-6708 21.68 18.469 -0.7785 40.149 
-7203 21.68 18.469 -0.7785 40.149 
-7444 21.686 18.469 -0.7745 40.155 
-7682 21.686 18.469 -0.7745 40.155 
-8143 21.691 18.479 -0.7785 40.17 
-8797 21.691 18.474 -0.7745 40.165 
-9399 21.691 18.474 -0.7745 40.165 
-9584 21.691 18.474 -0.7745 40.165 
-10227 21.67 18.459 -0.7775 40.129 
-10709 21.675 18.464 -0.7775 40.139 
-11043 21.686 18.469 -0.7745 40.155 
-11257 21.691 18.469 -0.7715 40.16 
-11384 21.701 18.479 -0.7725 40.18 
-11473 21.696 18.474 -0.7715 40.17 
-11474 21.675 18.459 -0.7735 40.134 
-11473 21.675 18.464 -0.7775 40.139 
-11377 21.67 18.453 -0.7725 40.123 
-11239 21.665 18.448 -0.7715 40.113 
-11032 21.66 18.448 -0.7755 40.108 
-10869 21.675 18.459 -0.7735 40.134 
-10426 21.655 18.453 -0.7825 40.108 
-9919 21.67 18.469 -0.7845 40.139 
-9407 21.655 18.453 -0.7825 40.108 
-8446 21.645 18.448 -0.7845 40.093 
-7651 21.645 18.448 -0.7845 40.093 
-6726 21.645 18.448 -0.7845 40.093 
-5949 21.635 18.438 -0.7835 40.073 
-5116 21.625 18.427 -0.7815 40.052 
-4235 21.635 18.433 -0.7795 40.068 
-3323 21.63 18.422 -0.7745 40.052 
-2388 21.63 18.422 -0.7745 40.052 
-1756 21.63 18.422 -0.7745 40.052 
-1118 21.64 18.427 -0.7725 40.067 
-798 21.645 18.427 -0.7685 40.072 
-415 21.655 18.433 -0.7665 40.088 
-346 21.655 18.433 -0.7665 40.088 
-228 21.66 18.438 -0.7675 40.098 
-115 21.65 18.427 -0.7655 40.077 
-91 21.66 18.433 -0.7635 40.093 
-75 21.66 18.433 -0.7635 40.093 






Gauss (Gs) A (uW) B (uW) Kerr angle 
Reflectivity 
(uW) 
156 20.61 17.708 -0.759 38.318 
196 20.641 17.734 -0.759 38.375 
215 20.641 17.734 -0.759 38.375 
506 20.62 17.714 -0.757 38.334 
805 20.636 17.719 -0.75 38.355 
983 20.636 17.714 -0.746 38.35 
1178 20.636 17.714 -0.746 38.35 
1607 21.949 17.724 0.114 39.673 
1837 22.411 17.729 0.402 40.14 
2078 22.878 17.734 0.684 40.612 
2839 23.004 17.75 0.748 40.754 
3101 22.999 17.745 0.749 40.744 
3634 22.994 17.734 0.754 40.728 
3904 23.01 17.745 0.756 40.755 
4712 23.04 17.76 0.762 40.8 
4972 23.04 17.76 0.762 40.8 
5505 23.04 17.755 0.766 40.795 
6545 23.05 17.76 0.768 40.81 
6545 23.055 17.766 0.766 40.821 
7293 23.07 17.776 0.767 40.846 
8004 23.07 17.771 0.771 40.841 
8666 23.075 17.776 0.77 40.851 
9075 23.081 17.776 0.774 40.857 
9463 23.091 17.781 0.776 40.872 
9980 23.091 17.787 0.771 40.878 
10409 23.096 17.792 0.771 40.888 
10845 23.111 17.807 0.768 40.918 
11079 23.111 17.807 0.768 40.918 
11141 23.111 17.807 0.768 40.918 
11322 23.106 17.807 0.765 40.913 
11404 23.111 17.807 0.768 40.918 
11461 23.106 17.802 0.769 40.908 
11479 23.096 17.797 0.767 40.893 
11483 23.101 17.802 0.766 40.903 
11487 23.101 17.802 0.766 40.903 
11487 23.101 17.802 0.766 40.903 
11486 23.091 17.792 0.768 40.883 
11484 23.086 17.792 0.765 40.878 
11469 23.101 17.802 0.766 40.903 
11436 23.081 17.792 0.762 40.873 
11421 23.091 17.797 0.764 40.888 
11336 23.101 17.807 0.762 40.908 
11309 23.101 17.807 0.762 40.908 
11211 23.116 17.818 0.762 40.934 
11172 23.116 17.818 0.762 40.934 
10984 23.106 17.807 0.765 40.913 
10735 23.116 17.813 0.766 40.929 
10417 23.116 17.807 0.771 40.923 
10014 23.121 17.807 0.774 40.928 
9382 23.106 17.797 0.773 40.903 
8768 23.106 17.797 0.773 40.903 
8026 23.106 17.797 0.773 40.903 
7152 23.111 17.802 0.772 40.913 
6153 23.116 17.807 0.771 40.923 
5885 23.111 17.802 0.772 40.913 
5330 23.086 17.792 0.765 40.878 
4461 23.086 17.797 0.761 40.883 
3564 23.086 17.802 0.757 40.888 
2637 23.075 17.802 0.75 40.877 
2322 23.07 17.807 0.743 40.877 
1689 23.065 17.813 0.736 40.878 
734 23.045 17.807 0.728 40.852 
341 23.03 17.813 0.715 40.843 
249 23.03 17.813 0.715 40.843 
190 23.045 17.828 0.712 40.873 
153 23.055 17.839 0.709 40.894 
125 23.04 17.828 0.709 40.868 
100 23.035 17.823 0.71 40.858 
84 23.03 17.823 0.707 40.853 
63 23.03 17.823 0.707 40.853 
43 23.045 17.833 0.708 40.878 
23 23.055 17.849 0.702 40.904 
18 23.055 17.849 0.702 40.904 
13 23.04 17.839 0.7 40.879 
5 23.045 17.844 0.699 40.889 
-1 23.045 17.839 0.703 40.884 
-9 23.05 17.849 0.699 40.899 
-23 23.05 17.844 0.702 40.894 
-38 23.04 17.839 0.7 40.879 
-51 23.055 17.854 0.698 40.909 
-71 23.05 17.849 0.699 40.899 
-96 23.035 17.839 0.697 40.874 
-136 23.045 17.849 0.696 40.894 
-199 23.04 17.849 0.693 40.889 
-428 23.04 17.844 0.696 40.884 
-1047 23.035 17.859 0.682 40.894 
-1914 20.874 17.849 -0.692 38.723 
-2921 20.691 17.854 -0.82 38.545 
-3717 20.686 17.854 -0.824 38.54 
-4523 20.646 17.828 -0.83 38.474 
-5590 20.666 17.854 -0.837 38.52 
-6622 20.641 17.839 -0.843 38.48 
-7591 20.671 17.865 -0.843 38.536 
-8281 20.666 17.865 -0.846 38.531 
-9319 20.666 17.87 -0.85 38.536 
-10303 20.681 17.88 -0.848 38.561 
-10759 20.666 17.865 -0.846 38.531 
-11070 20.661 17.859 -0.845 38.52 
-11305 20.671 17.87 -0.847 38.541 
-11404 20.676 17.875 -0.847 38.551 
-11447 20.691 17.886 -0.846 38.577 
-11461 20.691 17.886 -0.846 38.577 
-11464 20.661 17.865 -0.85 38.526 
-11466 20.666 17.87 -0.85 38.536 
-11447 20.661 17.865 -0.85 38.526 
-11375 20.661 17.859 -0.845 38.52 
-11207 20.676 17.875 -0.847 38.551 
-10988 20.646 17.849 -0.847 38.495 
-10815 20.666 17.865 -0.846 38.531 
-10439 20.681 17.88 -0.848 38.561 
-10050 20.671 17.875 -0.851 38.546 
-9569 20.666 17.87 -0.85 38.536 
-8987 20.661 17.87 -0.854 38.531 
-8109 20.671 17.875 -0.851 38.546 
-7483 20.656 17.865 -0.853 38.521 
-6286 20.646 17.849 -0.847 38.495 
-5203 20.656 17.854 -0.844 38.51 
-4331 20.661 17.849 -0.837 38.51 
-3422 20.676 17.854 -0.831 38.53 
-2177 20.681 17.849 -0.823 38.53 
-1544 20.701 17.859 -0.817 38.56 
-606 20.727 17.865 -0.804 38.592 
-283 20.742 17.859 -0.789 38.601 
-192 20.747 17.865 -0.791 38.612 
-132 20.742 17.854 -0.785 38.596 
-103 20.752 17.859 -0.783 38.611 
-79 20.752 17.859 -0.783 38.611 
-61 20.757 17.87 -0.788 38.627 
-52 20.762 17.87 -0.784 38.632 








(Gs) A (uW) B (uW) Kerr angle 
Reflectivity 
(uW) 
127 18.469 16.015 -0.8555 34.484 
180 18.48 16.026 -0.8565 34.506 
301 18.485 16.031 -0.8575 34.516 
804 18.495 16.041 -0.8585 34.536 
1605 18.5 16.036 -0.8505 34.536 
2581 18.51 16.036 -0.8425 34.546 
3367 18.535 16.046 -0.8325 34.581 
4442 20.402 16.046 0.5175 36.448 
5500 20.864 16.031 0.8405 36.895 
6527 20.889 16.046 0.8445 36.935 
7517 20.894 16.057 0.8385 36.951 
8651 20.899 16.057 0.8415 36.956 
9441 20.894 16.052 0.8425 36.946 
10111 20.889 16.046 0.8445 36.935 
10624 20.894 16.052 0.8425 36.946 
10988 20.899 16.052 0.8465 36.951 
11179 20.889 16.046 0.8445 36.935 
11342 20.889 16.052 0.8395 36.941 
11430 20.909 16.062 0.8445 36.971 
11463 20.904 16.057 0.8455 36.961 
11473 20.904 16.057 0.8455 36.961 
11477 20.915 16.067 0.8435 36.982 
11478 20.925 16.072 0.8455 36.997 
11477 20.92 16.072 0.8425 36.992 
11466 20.95 16.093 0.8445 37.043 
11459 20.935 16.083 0.8435 37.018 
11414 20.925 16.072 0.8455 36.997 
11397 20.925 16.072 0.8455 36.997 
11303 20.935 16.078 0.8475 37.013 
11166 20.925 16.067 0.8505 36.992 
10922 20.925 16.072 0.8455 36.997 
10578 20.94 16.078 0.8505 37.018 
10221 20.925 16.062 0.8545 36.987 
9773 20.935 16.072 0.8525 37.007 
9082 20.925 16.062 0.8545 36.987 
8402 20.93 16.062 0.8575 36.992 
7606 20.915 16.052 0.8565 36.967 
6920 20.925 16.062 0.8545 36.987 
6164 20.925 16.062 0.8545 36.987 
5359 20.925 16.067 0.8505 36.992 
4207 20.909 16.057 0.8485 36.966 
3295 20.904 16.057 0.8455 36.961 
2358 20.904 16.057 0.8455 36.961 
1090 20.899 16.057 0.8415 36.956 
410 20.894 16.057 0.8385 36.951 
251 20.894 16.057 0.8385 36.951 
190 20.889 16.052 0.8395 36.941 
138 20.884 16.052 0.8365 36.936 
114 20.884 16.052 0.8365 36.936 
91 20.889 16.057 0.8355 36.946 
70 20.889 16.057 0.8355 36.946 
55 20.889 16.057 0.8355 36.946 
33 20.879 16.052 0.8325 36.931 
21 20.894 16.067 0.8295 36.961 
4 20.894 16.067 0.8295 36.961 
0 20.879 16.057 0.8285 36.936 
-7 20.889 16.062 0.8305 36.951 
-26 20.879 16.052 0.8325 36.931 
-61 20.894 16.067 0.8295 36.961 
-96 20.915 16.083 0.8295 36.998 
-136 20.904 16.078 0.8265 36.982 
-182 20.909 16.078 0.8305 36.987 
-322 20.899 16.072 0.8285 36.971 
-849 20.889 16.062 0.8305 36.951 
-1030 20.884 16.062 0.8275 36.946 
-1892 20.884 16.067 0.8235 36.951 
-2633 20.869 16.067 0.8135 36.936 
-3408 20.879 16.083 0.8065 36.962 
-3941 19.753 16.072 0.0425 35.825 
-4743 18.53 16.078 -0.8645 34.608 
-5541 18.525 16.083 -0.8725 34.608 
-6062 18.515 16.072 -0.8705 34.587 
-6321 18.535 16.088 -0.8695 34.623 
-6574 18.546 16.093 -0.8655 34.639 
-7072 18.525 16.078 -0.8675 34.603 
-7554 18.525 16.088 -0.8765 34.613 
-8244 18.541 16.099 -0.8745 34.64 
-8679 18.546 16.099 -0.8705 34.645 
-9090 18.556 16.109 -0.8715 34.665 
-9473 18.556 16.109 -0.8715 34.665 
-9823 18.551 16.104 -0.8715 34.655 
-10403 18.541 16.099 -0.8745 34.64 
-10733 18.541 16.093 -0.8685 34.634 
-10986 18.546 16.099 -0.8705 34.645 
-11172 18.546 16.104 -0.8745 34.65 
-11358 18.556 16.109 -0.8715 34.665 
-11427 18.561 16.114 -0.8725 34.675 
-11449 18.561 16.114 -0.8725 34.675 
-11456 18.556 16.109 -0.8715 34.665 
-11458 18.576 16.125 -0.8705 34.701 
-11439 18.566 16.114 -0.8685 34.68 
-11368 18.566 16.114 -0.8685 34.68 
-11269 18.581 16.13 -0.8705 34.711 
-11129 18.556 16.109 -0.8715 34.665 
-10937 18.551 16.104 -0.8715 34.655 
-10528 18.541 16.099 -0.8745 34.64 
-10055 18.546 16.104 -0.8745 34.65 
-9583 18.541 16.099 -0.8745 34.64 
-9009 18.546 16.104 -0.8745 34.65 
-8324 18.551 16.109 -0.8755 34.66 
-7515 18.525 16.088 -0.8765 34.613 
-6576 18.535 16.093 -0.8735 34.628 
-5521 18.53 16.093 -0.8775 34.623 
-4667 18.535 16.093 -0.8735 34.628 
-4077 18.541 16.093 -0.8685 34.634 
-3166 18.535 16.093 -0.8735 34.628 
-2545 18.541 16.088 -0.8645 34.629 
-1917 18.53 16.083 -0.8685 34.613 
-1285 18.546 16.088 -0.8605 34.634 
-654 18.535 16.078 -0.8605 34.613 
-471 18.535 16.078 -0.8605 34.613 
-289 18.546 16.078 -0.8515 34.624 
-223 18.561 16.093 -0.8535 34.654 
-184 18.561 16.093 -0.8535 34.654 
-141 18.566 16.099 -0.8555 34.665 
-116 18.561 16.093 -0.8535 34.654 
-96 18.561 16.093 -0.8535 34.654 
-80 18.581 16.109 -0.8525 34.69 
-68 18.571 16.099 -0.8515 34.67 
-59 18.581 16.114 -0.8565 34.695 






Gauss (Gs) A (uW) B (uW) Kerr angle Reflectivity (uW) 
98 18.3 15.1 -0.2365 33.355 
172 18.3 15.1 -0.2385 33.375 
266 18.3 15.1 -0.2335 33.36 
566 18.3 15.1 -0.2265 33.38 
1068 18.3 15.1 -0.2025 33.4 
1704 18.3 15.1 -0.1775 33.41 
2685 18.4 15.1 -0.1245 33.455 
3738 18.6 15.1 0.0395 33.74 
4531 19.2 15.2 0.3945 34.422 
5584 19.3 15.2 0.4225 34.483 
6359 19.3 15.2 0.4375 34.54 
7346 19.3 15.2 0.4525 34.524 
8037 19.3 15.2 0.4625 34.539 
8892 19.3 15.2 0.4715 34.539 
9475 19.4 15.2 0.4715 34.565 
9986 19.4 15.2 0.4735 34.554 
10633 19.4 15.2 0.4805 34.564 
10980 19.4 15.2 0.4775 34.559 
11205 19.4 15.2 0.4805 34.564 
11336 19.4 15.2 0.4815 34.554 
11405 19.4 15.2 0.4815 34.554 
11438 19.4 15.2 0.4795 34.575 
11441 19.3 15.2 0.4795 34.539 
11440 19.4 15.2 0.4815 34.554 
11437 19.4 15.2 0.4805 34.564 
11433 19.4 15.2 0.4805 34.564 
11407 19.4 15.2 0.4785 34.585 
11349 19.4 15.2 0.4785 34.549 
11250 19.4 15.2 0.4815 34.554 
11148 19.4 15.2 0.4805 34.564 
10915 19.4 15.2 0.4775 34.559 
10726 19.3 15.2 0.4835 34.534 
10412 19.4 15.2 0.4815 34.554 
9908 19.4 15.2 0.4815 34.554 
9405 19.4 15.2 0.4785 34.549 
8795 19.3 15.2 0.4745 34.544 
8264 19.3 15.2 0.4685 34.524 
7448 19.3 15.2 0.4615 34.55 
6750 19.3 15.2 0.4535 34.514 
5995 19.3 15.2 0.4415 34.498 
5185 19.3 15.2 0.4245 34.463 
4318 19.2 15.2 0.4115 34.423 
3721 19.2 15.2 0.3915 34.417 
3111 19.2 15.2 0.3735 34.356 
2180 19.2 15.2 0.3515 34.362 
1560 19.2 15.2 0.3345 34.361 
925 19.1 15.2 0.3035 34.332 
373 19.1 15.2 0.2765 34.296 
240 19.1 15.2 0.2645 34.291 
184 19.1 15.2 0.2645 34.291 
134 19.1 15.2 0.2655 34.326 
106 19.1 15.2 0.2645 34.291 
78 19.1 15.2 0.2625 34.276 
63 19.1 15.2 0.2615 34.286 
44 19.1 15.2 0.2615 34.286 
38 19.1 15.2 0.2625 34.276 
32 19.1 15.2 0.2575 34.281 
27 19.1 15.2 0.2595 34.306 
15 19.1 15.2 0.2585 34.316 
5 19.1 15.2 0.2565 34.327 
-1 19.1 15.2 0.2585 34.316 
-9 19.1 15.2 0.2585 34.316 
-12 19.1 15.2 0.2565 34.327 
-25 19.1 15.2 0.2565 34.327 
-40 19.1 15.2 0.2565 34.327 
-69 19.1 15.2 0.2545 34.311 
-114 19.1 15.2 0.2555 34.348 
-189 19.1 15.2 0.2515 34.342 
-282 19.1 15.2 0.2505 34.353 
-604 19.1 15.2 0.2415 34.317 
-1319 19 15.2 0.2155 34.282 
-1762 19 15.2 0.1945 34.276 
-2491 19 15.3 0.1555 34.237 
-3268 18.9 15.3 0.1105 34.176 
-3798 18.5 15.2 -0.1155 33.733 
-4597 18.1 15.1 -0.3885 33.238 
-5389 18.1 15.1 -0.4045 33.218 
-6166 18.1 15.1 -0.4185 33.224 
-6905 18.1 15.1 -0.4345 33.204 
-7623 18.1 15.1 -0.4425 33.204 
-8298 18 15.2 -0.4595 33.193 
-9128 18 15.1 -0.4635 33.178 
-9679 18 15.2 -0.4715 33.178 
-10148 18 15.2 -0.4775 33.184 
-10410 18 15.2 -0.4755 33.219 
-10729 18 15.2 -0.4775 33.184 
-10970 18 15.2 -0.4815 33.179 
-11092 18 15.2 -0.4755 33.173 
-11265 18 15.2 -0.4795 33.168 
-11343 18 15.2 -0.4815 33.179 
-11406 18 15.2 -0.4775 33.184 
--11413 18 15.2 -0.4755 33.173 
-11414 18 15.2 -0.4795 33.214 
-11415 18 15.2 -0.4815 33.189 
-11417 18 15.2 -0.4815 33.179 
-11413 18 15.2 -0.4785 33.204 
-11407 18 15.2 -0.4825 33.199 
-11377 18 15.2 -0.4795 33.214 
-11324 18 15.1 -0.4785 33.148 
-11246 18 15.2 -0.4755 33.173 
-11105 18 15.2 -0.4775 33.184 
-10969 18 15.2 -0.4795 33.168 
-10740 18 15.1 -0.4785 33.158 
-10600 18 15.1 -0.4785 33.148 
-10522 18 15.1 -0.4785 33.158 
-10353 18 15.1 -0.4815 33.143 
-10062 18 15.1 -0.4785 33.158 
-9839 18 15.1 -0.4745 33.153 
-9593 18 15.1 -0.4745 33.163 
-9176 18 15.2 -0.4715 33.178 
-8704 18 15.1 -0.4675 33.173 
-8163 18 15.1 -0.4635 33.178 
-7553 18 15.1 -0.4615 33.158 
-6872 18 15.1 -0.4585 33.173 
-6380 18.1 15.1 -0.4425 33.204 
-5314 18.1 15.1 -0.4235 33.193 
-4747 18.1 15.1 -0.4045 33.218 
-4162 18.1 15.1 -0.3925 33.233 
-3865 18.1 15.1 -0.3885 33.228 
-3259 18.1 15.1 -0.3715 33.228 
-2644 18.2 15.1 -0.3475 33.269 
-2022 18.2 15.1 -0.3295 33.304 
-1394 18.2 15.1 -0.3125 33.315 
-762 18.2 15.1 -0.2885 33.345 
-406 18.2 15.1 -0.2685 33.36 
-270 18.3 15.1 -0.2515 33.371 
-229 18.3 15.1 -0.2515 33.371 
-188 18.3 15.1 -0.2525 33.381 
-168 18.3 15.1 -0.2495 33.396 
-143 18.3 15.1 -0.2495 33.396 
-117 18.3 15.1 -0.2455 33.401 
-102 18.3 15.1 -0.2415 33.396 
-97 18.3 15.1 -0.2445 33.391 
-85 18.3 15.1 -0.2415 33.406 
-74 18.3 15.1 -0.2415 33.406 
-71 18.3 15.1 -0.2455 33.401 






Gauss (Gs) A (uW) B (uW) Kerr angle Reflectivity (uW) 
79 16.7 13.6 -0.023 30.276 
121 16.7 13.6 -0.016 30.296 
172 16.7 13.6 -0.015 30.286 
264 16.7 13.6 -0.011 30.291 
563 16.7 13.6 -0.002 30.312 
1063 16.8 13.6 0.026 30.404 
1698 16.9 13.7 0.088 30.609 
2414 17 13.7 0.165 30.725 
3185 17.1 13.7 0.217 30.811 
3980 17.2 13.7 0.259 30.862 
4512 17.2 13.7 0.289 30.924 
5290 17.3 13.7 0.327 30.959 
5804 17.3 13.7 0.363 31.015 
6567 17.4 13.7 0.402 31.076 
7060 17.4 13.7 0.424 31.091 
7769 17.4 13.7 0.451 31.1 
8436 17.4 13.7 0.476 31.131 
8854 17.5 13.7 0.492 31.177 
9428 17.5 13.7 0.498 31.136 
9936 17.5 13.7 0.506 31.146 
10225 17.5 13.7 0.511 31.176 
10587 17.5 13.7 0.516 31.182 
10867 17.5 13.7 0.516 31.182 
11074 17.5 13.7 0.516 31.171 
11253 17.5 13.7 0.514 31.193 
11352 17.5 13.7 0.516 31.182 
11394 17.5 13.7 0.518 31.198 
11411 17.5 13.7 0.517 31.208 
11416 17.5 13.7 0.518 31.198 
11417 17.5 13.7 0.52 31.187 
11415 17.5 13.7 0.518 31.198 
11414 17.5 13.7 0.518 31.198 
11403 17.5 13.7 0.521 31.166 
11362 17.5 13.7 0.521 31.177 
11286 17.5 13.7 0.524 31.192 
11164 17.5 13.7 0.514 31.156 
10995 17.5 13.7 0.514 31.193 
10699 17.5 13.7 0.513 31.203 
10387 17.5 13.7 0.518 31.198 
10104 17.5 13.7 0.516 31.171 
9647 17.5 13.7 0.509 31.198 
9089 17.5 13.7 0.503 31.166 
8423 17.5 13.7 0.499 31.161 
7852 17.5 13.7 0.48 31.162 
7201 17.5 13.7 0.468 31.147 
6729 17.4 13.7 0.445 31.106 
6227 17.4 13.7 0.419 31.06 
5698 17.3 13.7 0.388 31.035 
4860 17.3 13.7 0.363 31.015 
4278 17.3 13.7 0.32 30.974 
3390 17.2 13.7 0.276 30.908 
2477 17.2 13.7 0.227 30.848 
1852 17.1 13.7 0.189 30.812 
1222 17.1 13.7 0.15 30.776 
606 17 13.7 0.109 30.726 
369 17 13.7 0.071 30.68 
259 17 13.7 0.06 30.655 
207 17 13.7 0.055 30.66 
164 16.9 13.7 0.051 30.655 
140 16.9 13.7 0.048 30.629 
116 16.9 13.7 0.046 30.65 
92 16.9 13.7 0.043 30.588 
77 16.9 13.7 0.039 30.619 
65 16.9 13.7 0.04 30.609 
56 16.9 13.7 0.039 30.619 
45 16.9 13.7 0.04 30.609 
38 16.9 13.7 0.038 30.593 
31 16.9 13.7 0.038 30.593 
28 16.9 13.7 0.04 30.573 
24 16.9 13.7 0.042 30.598 
17 16.9 13.7 0.036 30.568 
11 16.9 13.7 0.04 30.609 
5 16.9 13.7 0.036 30.604 
0 16.9 13.7 0.034 30.588 
-4 16.9 13.7 0.035 30.578 
-15 16.9 13.7 0.034 30.588 
-26 16.9 13.7 0.034 30.588 
-41 16.9 13.7 0.035 30.578 
-59 16.9 13.7 0.032 30.563 
-81 16.9 13.7 0.028 30.558 
-107 16.9 13.7 0.032 30.563 
-141 16.9 13.7 0.029 30.548 
-190 16.9 13.7 0.028 30.558 
-284 16.9 13.7 0.023 30.563 
-366 16.9 13.7 0.023 30.563 
-606 16.9 13.7 0.006 30.532 
-1123 16.8 13.6 -0.039 30.384 
-1768 16.6 13.6 -0.095 30.226 
-2496 16.5 13.6 -0.163 30.089 
-3263 16.5 13.6 -0.21 30.033 
-3790 16.4 13.6 -0.25 29.987 
-4321 16.4 13.6 -0.28 29.962 
-5114 16.3 13.6 -0.325 29.921 
-5636 16.3 13.6 -0.356 29.896 
-6149 16.3 13.6 -0.38 29.88 
-6896 16.3 13.6 -0.421 29.846 
-7377 16.2 13.6 -0.444 29.83 
-8066 16.2 13.6 -0.466 29.815 
-8493 16.2 13.6 -0.478 29.78 
-8905 16.2 13.6 -0.489 29.754 
-9474 16.2 13.6 -0.501 29.765 
-9815 16.2 13.6 -0.506 29.759 
-10252 16.2 13.6 -0.515 29.749 
-10599 16.2 13.6 -0.515 29.749 
-10784 16.2 13.6 -0.515 29.759 
-11006 16.2 13.6 -0.52 29.754 
-11166 16.1 13.6 -0.524 29.749 
-11273 16.1 13.6 -0.524 29.749 
-11340 16.2 13.6 -0.52 29.754 
-11373 16.2 13.6 -0.52 29.754 
-11383 16.1 13.6 -0.524 29.749 
-11390 16.1 13.6 -0.524 29.749 
-11393 16.1 13.6 -0.524 29.749 
-11394 16.1 13.6 -0.522 29.729 
-11396 16.2 13.6 -0.521 29.774 
-11397 16.2 13.6 -0.525 29.759 
-11393 16.2 13.6 -0.521 29.774 
-11376 16.2 13.6 -0.521 29.774 
-11339 16.2 13.6 -0.525 29.759 
-11280 16.1 13.6 -0.522 29.729 
-11197 16.1 13.6 -0.528 29.734 
-11091 16.1 13.6 -0.523 29.739 
-11005 16.1 13.6 -0.523 29.739 
-10851 16.1 13.6 -0.528 29.734 
-10657 16.1 13.6 -0.522 29.729 
-10505 16.1 13.6 -0.524 29.749 
-10242 16.2 13.6 -0.52 29.754 
-10043 16.2 13.6 -0.52 29.754 
-9821 16.2 13.6 -0.515 29.749 
-9445 16.2 13.6 -0.515 29.749 
-9012 16.2 13.6 -0.506 29.759 
-8695 16.2 13.6 -0.506 29.759 
-8157 16.2 13.6 -0.491 29.765 
-7547 16.2 13.6 -0.478 29.78 
-6867 16.2 13.6 -0.459 29.789 
-6376 16.2 13.6 -0.425 29.841 
-5590 16.3 13.6 -0.393 29.865 
-4749 16.3 13.6 -0.349 29.916 
-4166 16.4 13.6 -0.309 29.951 
-3569 16.4 13.6 -0.277 29.977 
-2342 16.5 13.6 -0.209 30.068 
-1404 16.6 13.6 -0.153 30.144 
-772 16.6 13.6 -0.1 30.221 
-345 16.7 13.6 -0.054 30.251 
-230 16.7 13.6 -0.042 30.276 
-169 16.7 13.6 -0.036 30.297 
-130 16.7 13.6 -0.037 30.307 
-108 16.7 13.6 -0.029 30.291 
-89 16.7 13.6 -0.028 30.281 
-75 16.7 13.6 -0.025 30.296 
-66 16.7 13.6 -0.027 30.271 
-64 16.7 13.6 -0.027 30.271 
 
